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GENERAL INTRODUCTION TO THE SERIES. 

During the past few years the civilised world has begun to realise the 
advantages accruing to scientific research, with the result that an ever- 
increasing amount of time and thought is being devoted to various 
branches of science. 

No study has progressed more rapidly than chemistry. This 
science may be divided roughly into several branches : namely, Organic, 
Physical, Inorganic, and Analytical Chemistry. It is impossible to 
write any single text-book which shall contain within its two covers a 
thorough treatment of any one of these branches, owing to the vast 
amount of information that has been accumulated. The need is rather 
for a scries of text-books dealing more or less comprehensively with 
each branch of chemistry. This has already been attempted by 
enterprising firms, so far as physical and analytical chemistry arc 
concerned ; and the present scries is designed to meet the needs of 
inorganic chemists. One great advantage, of this procedure lies in 
the fact that our knowledge of the different sections of science docs not 
progress at the same rate. Consequently, as soon as any particular 
part advances out of proportion to others, the volume dealing with 
that section may be easily revised or rewritten as occasion requires. 

Some method of classifying the elements for treatment in this wRiy 
is clearly essential, and we have adopted the Periodic Classification 
with slight alterations, devoting a whole volume to the consideration 
of the elements in each vertical column, as w'ill be evident from a glance 
at the scheme in the Frontispiece. 

In the first volume, in addition to a detailed account of the elements 
of Group O, the general principles of Inorganic Chemistry are discussed. 
Particular pains have been taken in the selection of material (‘or tliis 
volume, and an attempt has been made to present to the readcir a 
clear account of the principles upon w'hich our knowledge of modern 
Inorganic Chemistry is based. 

At the outset it may be well to explain that it wus not intended 
to write a coniy)letc text-book oi‘ Physical Chemistry. Numerous 
excellent works have already been devoted to this subject, a.nd a 
volume on such lines would scarcely serve as a suitable introdiiclioii 
to this scries. Whilst Physical Chemistry deals witli the general 
principles applied to all branches of theoretical chennistry, our aim 
has been to emphasise their apiilication to Inorganic. C.hcmistry, with 
which branch of the subjeed tliis scries ol‘ text-books is exclusively 
concerned. To this end ])ractically all tlu^ illustrations to the hiws 
and principles discussed \u Volume 1. deal with inorganic, substances. 

Again, there are many subjects, such as the muthods employed in 
the accurate determination of atomic weights, which arc not generally 
regarded as forming part ol‘ Physical Chemistry. Yet these are 
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subjects of supreme importance to the student of Inorganie Chemistry 
and are accordingly included in the Introduction. 

Hvdrogen and the ammonium salts are dealt with in Volume II., 
along* with the elements of Group I. The position of the rare earth 
metals in the Periodic Classification has for many years been a source 
of difficulty. They have all been included in Volume IV., along with 
the Elements of Group III., as this was found to be the most suitable 
place for them. 

Many alloys and compounds have an equal claim to be considered 
in two or more volumes of this series, but this would entail unnecessary 
duplication. For example, alloys of copper and tin might be dealt 
with in Volumes II. and V. respectively. Similarly, certain double 
salts — such, for example, as ferrous ammonium sulphate — might very 
logically be included in Volume II. under ammonium, and in Volume IX. 
under iron. As a general rule this difficulty has been overcome by 
treating complex substances, containing two or more metals or bases, 
in that volume dealing with the metal or base which belongs to the 
highest group of the Periodic Table. For example, the alloys of copper 
and tin are detailed in Volume V. along with tin, since copper occurs 
earlier, namehg in Volume II. Similarly, ferrous ammonium sulphate 
is discussed in Volume IX. under iron, and not under ammonium in 
Volume II. The ferro-cyanides are likewise dealt with in Volume IX. 

But even with this arrangement it has not always been found easy 
to adopt a perfectly logical line of treatment. For example, in the 
chromates and permanganates the chromium and manganese function 
as part of the acid radicles and are analogous to sulphur and chlorine 
in sulphates and perchlorates ; so that they should be treated in the 
volume dealing with the metal acting as base, namely, in the case 
of potassium permanganate, under potassium in Volume II. But the 
alkali permanganates possess such close analogies with one another 
that separate treatment of these salts hardly seems desirable. They 
are therefore considered in Volume VIII. 

Numerous other little irregularities of a like nature occur, but it is 
hoped that, by means of carefully compiled indexes and frequent cross- 
relercncing to the texts of the separate volumes, the student wifi 
experience no difficulty in finding the information he requires. 

Particular care has been taken with the sections dealing with the 
atomic weights of the elements in question. The figures given are nob 
necessarily those to be found in the original memoirs, but have been 
recalculated, exeept where otherwise stated, using the following 
fundamental values : 


Hydrogen 

Sodium 

Potassium 

Silver 

Carbon 

Nitrogen 


= 100762 
22'90C. 
39100. 

= 107-880. 

12-003. 

= 14-008. 


Oxygen = 16-000. 

Sulphur = 32-065. 

Fluorine — 19-015. 

Chlorine = 35-157. 

Bromine — 79-916. 

Iodine = 126-920. 


By adopting this method it is easy to compare directly the results of 
earlier investigators with those of more recent date, and moreover it 
renders the data for the dilTerent elements strictly comparable through- 
out the whole series. 

Our aim has not been to make the volumes absolutely exhaustive, 
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as this Avould render them unnecessarily bulky and expensive : rather 
has it been to contribute concise and suggestive accounts of the various 
topics, and to append numerous references to the" leading works and 
memoirs dealing with the same. Every effort has been made to render 
these references accurate and reliable, and it is hoped that they will 
prove a useful feature of the series. The more important abbreviations, 
which are substantially the same as those adopted by the Chemical 
Society, are detailed in the subjoined lists, pp. xv-xvii. 

The addition of the Table of Dates of Issue of Journals (pp. xix-xxvi) 
will, it is hoped, enhance the value of this series. It is believed that 
the list is perfectly correct, as all the figures have been checked against 
the volumes on the shelves of the library of the Chemical Society by 
^Ir. F. W. Clilford and his staff. To these gentlemen the Editor ai ^ 
the Authors desire to express their deep indebtedness. 

In order tliat the series shall attain the maximum utili'^' 
necessary to arrange for a certain amount of uniformity thr< 
and this involves the sii])pression of the personality of the in 
author to a corrcs|)onding extent for the sake of the common 
It is at once my cluty and my pleasure to express my sincer''' 
ciation of the kind and ready manner in which the autlu 
accommodated themselves to this task, which, without thei 
co-operation, could never have been successful. Finally, I 
acknowledge the unfailing courtesy of the publishers, Messrs. 

Gridin & Co., who have done everything in their power to ren...- 
work straightforward and easy. 

J. NEWTON FRIEND. 

J%Uy 1929. 
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Tins volume deals with the chemistry of vanadium, niobium, and 
tantalum. These elements are all of comparatively recent discovery, 
none of them being known before the nineteenth century. 

Vanadium, niobium, and tantalum arc metals which possess the 
eapaeity of forming both basic and acidic oxides, and, as they also 
display sev'eral degrees of combining power, the types of compounds 
they ]iroduce are very varied and often complex. The chemistry of 
these elements is, therefore, of considerable interest. In consequence 
of the diniciilty experienced in separating niobium and tantalum satis- 
factorily, the compounds of these two elements have not been extensively 
explored ; their further investigation certainly offers an attractive field 
for research. 

Vanadium lias found important application in the manufacture of 
s])ccial steels, and tantalum is being increasingly employed for electro- 
lytic ‘‘rectifiers.” It seems probable that the industrial application of 
these elements will increase in the future, and that uses will also be 
found for niobium. 

In this volume only the inorganic compounds of the three elements 
are described, but references to the literature of the better known 
organic coin])Ounds have been given. The literature references through- 
out are comjilctc up to December 1928, and every effort has been 
made to render them accurate. Information on several points has 
been obtained from Abegg & Auerbach’s and from Gmelin- Kraut’s 
Ifandbuck der anorganischen Cliemie. 

The Author’s best thanks are due to the Editor, Dr. J. Newton 
Friend, for his advice and for reading both the manuscript and the 
]yroofs, as well as to Miss A. R. Russell, R.Sc., A.I.C., for reading the 
final iiroofs. 

SYDNEY MARKS. 


Juhj 1929 . 
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VANADIUM, NIOBIUM, AND TANTALmi. 


CHAPTER L 

GENERAL CHARACTERISTICS OF THE ELEMENTS 
OF GROUP V., SUBDIVISION A. 

Till-: elements vanadium, niobium, tantalum and protoaetinium eon- 
stitute Subdivision A of the Fifth Group of the Periodic Classification. 
The general properties of Subdivision B are considered elsewhere in 

this scries.^ Niobium is also known 
as columbium. Protoaetinium, also 
known as ^^/ta-tantalum, is a radio- 
active clement which is also dcscril)cd 
clscwlicre in this scries.- Vanadium 
occurs in the first long ])criod of tlic 
jicriodic system. It is, in fact, the 
first member of a set of nine elements 
(\'iz. vanadium, chromium, man- 
ganese, iron, cobalt, nickel, co|)per, 
zinc, gallium) which fall in the centre 
of the period and for which tlicrc are 
no analogues in the short periods. 
Niobium occupies an analogous posi- 
tion in the second long period, and 
tantalum in the third very long 
jicriod. These three eJements dis- 
})lay the characteristic pro])crties of 
“ transition elements in that tliey 
arc distinctly metallic substance's oi' 
high density and melting-point, asso- 
ciated with great hardness and other 
valuable mechanical ])ro[)ertics. They 
disj^lay marked resemblances botti 
\\\ tlic elemental state and in tlicir comjiounds to tlic eorrcsjionding 
members of the A Subdivisions of Groups VI. and IV. ^ The analogy 

1 Vol. VI., Pari I. (J.92S), p. 3. 

2 Vol. VII., Part III. (PJ26), p. 349. 

2 These subdivisions are included in the foregoing table. 
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4 va^stadium:, niobium, and TANTALUjM. 

of the clcDieats with the B Subdivision of Group V. is mainly restricted 
to the pentavalcnt compounds ; vanadium, for instance, is on the 
whole more closely parallel in properties to chromium than to ])hos- 
phorus and arsenic. Indeed the resemblance is in this case so marked 
that vanadium was at one time included in the chromium family 
of elements, and analogous but erroneous formuhe were assigned to 
its compounds. The physical properties of these elements are set out 
in the following table. Chromium has been added to the table for the 
sake of comparison.^ 


Property. 

i 

Vanadium. Niobium. 

Tantalum, 

Chromium. 

Atomic tveight . 
Density 

Atomic volume . 
Specific heat 
Melting-point 
Specific electrical 
resistance (in 
ohms per cc.). 

50-95 03-3 

60 12-7 

8-5 7-3 * 

0-120 0-071 

1720° C. 1950° C. 

26x10-6 18-7x10-6 

181-3 

16-6 

10-93 
0-0365 
2850° C. 
14-6xl0-« 

52-04 

6-9 

r-5 

0-1208 
1550° C. 1 
2 - 6 xl 0 -« 


The metals are not rcadih' attacked by acids, but when they ])ass 
into solution they lose their metallic character and yield derivatives 
of the acid pent oxides, V 2 O 5 , NboO^ and Ta 205 . These derivatives 
include the vanadates, niobates and tantalates, which are among the 
commonest and most stable compounds of these metals. 

A gradual increase is observable in tlie electropositivcncss of tlic 

metals in the order V ^Nb >T‘c\ (increase in atomic weight), as in 

the case of the elements of the B Subdivision of this group, X >P > 

As >Sb ^vBi. It is also worthy of notice that, consistent witli the 

usual rule, the A Subdivision on the whole is more strongly clcctro- 
])ositivc than the B Subdivision. The following observations show these 
jfacts clearly : — 

(a) The decrease in the acidity of the pentoxidcs with increase in 
atomic weight. Vanadium pentoxide is the most acidic of the three, 
and is somewhat comparable with chromic acid in its bdiaviour ; 
niobium pentoxide is much weaker, and tantalum lunitoxidc is still 
slightly weaker. These latter two acids arc, in fact, extremely wcade, 
and arc comparable with titanic acid and zirconic acid (their neighbours 
in Group IV.), so much so that considerable difhculty is ex[)cn’icncc(l in 
separating niobium and tantalum cpiantitatively from the Group IV. 
elements. 

{!)) The increase in the stability of the pcntahalides with iiunxnsc 
in atomic weight. Tantalum yields a pcntahalide with each ol‘ the 
halogens, a pentiodide of niobium is unknow'u, and in thc‘ case of 
vanadium only the pentafluoridc has ])ecn prepared. The existence of 

^ For a comparison of the physical properties of tantalum, tungsten, molybdenum, 
platinum, copper and nickel, sec Balke, Cfiem. Met. Eng.y 1922, 27, 127,3. 

* This value disturbs the gradation, but it is probable that the density (12-7) used in 
its calculation is too high (see p. 135). 
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tantalum pentiodide is, in fact, remarkable, because no other element 
in Groups IV. to VIIT. displays the maximum valency of its group 
towards iodine. The variation in the readiness with which the penta- 
fl iiorides undergo hydro!}' sis is shown in the fact that Avdicn the pcntoxidcs 
of vanadium, niobium, and tantalum are dissolved in hydrofluoric acid 
and treated with potassium fluoride under the same conditions, the 
following double salts are most readily precipitated : ^KF.VOoF ; 
cxTvF.NbOF.^ ; xl^F.T^iF^. With increase in the concentration of 
hydrofluoric acid the double salts of vanadium oxytrifluoride, VOF.^, and 
of niobium pentafluoridc, KbFg, can be obtained. The double fluorides 
and oxy fluorides of niobium and tantalum are among the commonest 
com]}ounds of these two elements, and form the classical means whereby 
the two metals are separated from each other. Double fluorides of 
analogous type are also given by antimony, 2KF.ShF5.H2O, and by 
molybdenum, tungsten, etc., e.g. 2KF.M0F3.II2O and KF.WO2F.TI2O. 
The double alkali iluorides formed by the metals which belong to neigh- 
bouring groups are frequently isomorphous with the corresponding 
double fluorides of vanadium, niobium, and tantalum, and in many 
instances a fluorine atom is able to undergo replacement by an oxygen 
atom without disturbing the crystalline form. The following are 
examples of pairs of isomorphous compounds : 2XHjF.XbOF3 and 
2 XH,F,WOoF 2; 3KF.XbOF3.HF and SKF.SnF^.HF ; ZnFs.XbOFs- 
GIFO and Znh\.TiF4.0H2O ; the compounds flXTI^F.XbOF^ and 
3XTl4F.TaOF3 are isomorphous with the compounds 3XTl4F.TiF4 and 
3X^H4F.ZrF4 ; and the compound 2KF.XbOF3.noO is isomor])hous 
with 2KF.WO2F2.H2O and with 2KF.TiF4.ir2O. 

As is usual with transitional elements, vanadium possesses consider- 
able freedom in its valencies ; with niobium and tantalum, howevmr, 
this freedom is less marked. Tliis can be seen in the variation of tlic 
readiness displayed by the compounds of these elements to lUTdcrgo 
reduction : 

(a) Vanadates can be successively reduced in stages, and thus be 
made to furnish tetra-, tri- and di-valent vanadium salts by varying 
tlic reducing agent and other conditions employed- Divalent vanaclium 
salts are obtained with nascent hydrogen ; niobates in acid solution 
arc reduced by nascent hydrogen approximately to tlic trivalcnt ^ state, 
but no niobium salts of low'er valency than five have hitherto been 
isolated from the solutions produced ; tantalatcs do not undergo 
reduction at all with nascent hydrogen, and, apart from tlic halides 
and the disulphide (wiiicli do not possess saline character), only penta- 
valent compounds of tantalum arc known. 

{b) Vanadium ]:)cntoxidc can be reduced to the metal by the action 
oC hydrogen at high temperatures and pressures ; niobium ])cntoxide 
is more stable, and yields the trivalent oxide X 1)003, wiiercas tantalum 
})cntoxidc has not hitherto been reduced by hydrogen. 

Tlic following table summarises the more important types of com- 
pounds given by these three elements. 

Xitrates and carbonates of vanadium, niobium, and tantalum have 
not been prc})ared, Xiobium and tantalum salts oi‘ other wmak acids, 
e.g. boric acid, hydrocyanic acid, ])liosphoric acid, arc also unknown, 
and in the case of vanadium arc not well derined. 


^ Sec p. 131. 
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VA:N'ADIU3T, xiobium, axd tantalum. 


TYPICAL COMPOUNDS OF VANADIUM, NIOBIUM, 
AND TANTALUM. 


f ' 

Type. 

Yana dill ni. 

Niobium. 

! Tantalum. 

RP5 

YF5 ! 

NbFs 

Talk 

1 BOF3 

VOF^ ' 

NbOF^ 

TaOF^ * 

RCU 


NbCl., 

TaCh 

ROCI3 1 

voci., 

NbOCh 

TaOCb * 

RBi's ^ 


NbBr^ 

Ta Brg 

ROBi’a 1 

VOBr^ 

NbOBra 

TaOBrg 

RT5 ^ i 



Tals 

RCh 

vci, 



ROClo 

VOClo 



RCh “ 

VC13 

NbCh 

TaCh 

Robs 

U05 

Nb.U5 

Ta.Os 

Rbo 

VC 3.0 

NbOo 

TaO. 

Robg 

VAh 1 

Nb.>b 3 


RO 

VO 1 

NbO t 


3K,0.Ro05 

K3VO, ! 



2 K; 0 .Ro 05 

k;v,>o- i 



K0O.R0O5 

Kvry i 

NayTO^ 

XaTaO^ 

a^K^O.yR.iOg 

2 Ko 0 . 3 Y>().vCHoO 

4 lU 0 . 3 Xb.> 05 .lOHoO 

4 Ko 0 . 3 Ta 20 ,. 16 Ho 0 J 

HRO,“ 

HVO,.“fH..O i 

HXb0,i:i:J-U0 

‘HTa 0 j..TH .,0 “ 

Per- salts 

KVO, 

K;jXb0« 

K3TaO,.moO 

RS 

VS 



R.vS^ i 

V2S3 


, . 

RSo' 


XbS^ t 

TaSo 

R.S5 

i 

V>^r, 




Perifavalent -Vanadates dis])lay isom()r])hism with the 

corresponding^’ ])hosphatcs ; e.g. N^ajjPO.i.UilloO and Na3\^0,,j.'l 2II oO 
arc isomorj)hous. More remarkable is the isonK)r])]hs)n displayed 
})y some of the double chlorovanadates with the C()rres])ondini>’ chloro- 
}:)hos])hates and ehloroarsenatcs. The isomorpliism sliown by vaiKulinite, 
dPb3(V04)2.PbC].2, niinietesile, dPb3(As04)2.PbClo, and 
3P1)3(P0.J2-1^^^^'U5 tx) vanadium beiny oTou})ed witli ])hospiK)rus 
and arsenic instead of witli chromium. Vanadates differ from ])]u)S- 
]:)liates mainly in the case xvith which they undergo reduction, and in 
the fact tliat wlulc o?’///o})hosphatcs arc more stable than ptjro- or nieia- 
}:>hosj)hatcs, in the ease ol'the vanadates the order of stability is reversed. 
Solutions o(‘ vanadates appear to contain tlu^ ions of all three types of 
salts, i.e. | VO,/|''', | VLO- l'"' and I VO.3'1'. and can be mad(‘ to ])reeipi lat(! 
any one of the salts by suita])le alteration ol' the eonditions. In the 
ease ol‘ niobates and tantalates only the ///e/r/-salts and a lew 'injro- 
salts have been ])reparcd. 

Solutions of vanadates undergo ehanym in the ])resenec ot dilute 
acids to produce ]:)olyvanadatcs which contain hiyhly polymerised ions 
analogous to the ]X)lymerised chromate and molybdate ions.^ Ilcaiec 
a numerous series of salts is known possessing the general ibrmula 
crll2C5./yVo05, to which analogous phosphates do not exist. The 

* Xul known in the free state. 

f J'ixistenee doubtful. 

t Also forniulated 7 1x^0.01^205.241100 (.see p. 11)0). 
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best kno'svn arc the 2 : 3 salts, 2R205.3V205- Niobates and tantalates 
are decomposed by dilute acids, or even on being boiled in aqueous 
solution, with the prccipibation of hydrated niobium pentoxide and 
tantalum pentoxide (also known as niobic acid and tantalic acid 
respectively), which readily form sols. Complex niobates and tanta- 
lates analogous to the poly vanadates arc, however, produced by heating 
the pentoxides with bases in varying proportions, or by the double 
decomposition of the oxyfluorides of niobium and tantalum with 
alkalis, but the commonest salts in the cases of niobium and tantalum 
are the 4 : 3 salts. It is remarkable that the alkali tantalates which con- 
tain small pro])ortions of the base are insoluble in water ; this recalls 
the sparing solubility of potassium pyroantimonatc, K2H2Sb207.6H20. 

Vanadic acid differs also from niobic and tantalic acids in that it 
forms a number of complex acids with other acids, and a large number 
of heteropoly vanadates are known. Xiobic acid and tantalic acid show 
little tendency to form complex acids ; oxaloniobates and oxalotanta- 
lates have, however, been pre})arcd. 

The pentoxides of vanadium, niobium, and tantalum react with 
hydrogen peroxide to produce per-acids of the general formula TIRO 4. 
ctHoO. These per-acids increase in stability with increase in atomic 
weight. Pertantalic acid is a white solid which can be heated to 100° C. 
without undergoing decomposition. The oxyfluorides of these metals 
also take up active oxygen to yield peroxyfluorides, which are much 
better defined in the case of niobium and tantalum than with vanadium. 

Teiravaloit Convpounds . — With reduction in valency the acid 
character of pcntavalent vanadium gradually disappears and basic 
]')ro])crties become manifest. TJie oxide VOo is am]-)lioteric, and yields 
both tetravalcnt vanadium salts and vanadites. A large number of 
basic salts containing the vanadyl radical VO“, e.g. vanadyl sulphate, 
VOSO4, arc also known. This radical recalls the CrOo*’, MoOo**, WOo**, 
and UOo'* radicals given by the elements of tlic Jicighbouring group. 
The corrcs]:)onding oxides of niobium and tantalum, XbOo and TaOo, 
do not giA'c rise to salts. 

Trwaloit Conpoiauls. — In trivalcnt vanadium compounds tlic basic 
character of the clement is well dcvclo]:)cd, and both normal and oxy- 
salts of the sesquioxide V2O3 are well defined, e.g. vanadous sulphate, 
V2(S04)3, and vanadium oxymonochloride, VOCl. It has been ])rcviously 
mentioned that resemblances between the elements of the A and 
Sul)di visions of Group V. are mainly restricted to tlic 'penUitalent com- 
])ounds ; it is oi' interest to note that the oxychloride has analogues in 
the trivalod antimony and bismuth basic cldoridcs, SbOCil and lUOCl. 
Ih’ivalent vanadium also dis])lays considerable analogy, however, with 
other trivalcnt transitional elements, as shown by the following : — 

(a) A series of vanadium alums, e.g. V2(S04)3.K2S04.24lIo0, is 
known which arc isomorphous with the alums furnished by trivalcnt 
iron, chromium, cobalt, manganese and titanium. 

(/;) Double cyanides of trivalcnt vanadium have been prcjiarcd which 
show the jiropcrtics of co-ordinated compounds, e.g. K3|V(CN)(;|; 
conijiarc with Ivo['Cr(CX),j ] and K3[Fe(CX)(.]. 

(c) Double thioevanates of corresponding comjiositions arc also 
known, e.g. 31 vSCX.V(SCX) 3 . 4 IIoO ; compare with 3KSCX.Cr(SCX)3. 
TTLO amf 3 KSCX.:Mo(SCX)3.4II20. 

{cl) Ammines of trivalcnt vanadium have recently been obtained 
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which are closely analogous to the cobalt-ammines, e.g. [V(XH3)6]Cl3 ; 
compare with [Cr(NH3)JCl3 and [Co(NH3)6]Cl3. 

The h3^droxide V( 0 Ii )3 is distinguished from the corresponding 
h^'droxides of phosphorus, arsenic and antimony in that it is wholly 
basic. It is insoluble in alkalis, so that there do not exist any com- 
pounds of vanadium which would correspond to the phosphites, arsenites, 
and antimonites, or to the ferrites, aluminates, and chromites. 

In addition to the halides the only trivalent salt of niobium is the 
uncertain double sulphate (XH4)2S04.Nb2(S04)3.6H20. Tantalum has 
not given any trivalent salts. 

Bivalent Co7ni:)Ounds.—lr\ divalent vanadium compounds the basic 
character is at a maximum. As might be anticipated these salts are 
extremely strong reducing agents, and evolve h\hrogen from their 
aqueous solutions. Analogy with other transitional elements in the 
divalent state is again shown : {a) In the formation of double c^mnides, 
e.g. K4[V(CX')6] ; compare with K4[Cr(CX")6] and K4[Fe(CX)3] ; and 
{h) in the isomorphism and analogous composition of some of the 
sulphates, e.g. VSO4.7H2O is isomorphous with FeS04.7H20. and also 
forms mixed crystals with CrS04.7H20 and AIgS04.7lT26. It is of 
interest to note that the stability of the divalent salts of the even 
members of the first long series, Ti, V, Cr, Mn, Fe, Co, XT, increases 
with increase in atomic weight of the metals. Divalent titanium com- 
pounds are also decomposed by water with evolution of h^xlrogen, 
whereas ferrous sulphate solution is stable in the absence of air, and 
nickel sulphate solution does not oxidise under ordinary conditions of 
exposure. Substitution of a molecule of ammonium sulphate for a 
molecule of water in the hydrated sulphates imparts stability to the 
compounds ; thus both the solid double sul])hatcs, VS04.(XH4)2S04. 
6H2O and FeS04.(X'Il4)2S04.6ll20, arc less easily oxidised on exposure 
to air than arc the simple salts. 

Xiobium and tantalum so far have not appeared to give rise to 
divalent salts, but evidence for the existence of divalent chlorides of 
these elements has recentl}^ been obtained.^ 

It will perhajDS have been observed from the foregoing outline of the 
chemistry of vanadium, niobium, and tantalum tliat while these three 
elements form a closel}^ related triad, vanadium undoubtedly possesses 
man}' chemical characteristics that are not displa^^ed by cither niol)iam 
or tantalum. Indeed the last two elements arc so closely })arallel in their 
reactions that considerable time elapsed before their separate identities 
were definitely established, and their sc})aration IVoni one another is 
still not an eas\^ matter. The natural occurrence of the three elcsuents 
under discussion is also here worth}' of note, for while vanadium is 
almost always found in association wnth phosphorus and other elenuuits 
of Group A"., niobium and tantalum invariably occur with metals 
belonging to other groups, namely, iron, manganese, zirconium, titanium, 
and the rare earths, suggesting that the genesis of niobium and tantalum 
is different from that of vanadium. In this volume the occurrence, 
history, extraction, detection, and estimation of niolhum and tantalum 
will be considered together in Chapter V. 

^ See pp. nj9 and 192. 
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VANADIUM AND ITS ALLOYS. 

Symbol, V. Atomic Weight, 50*95 (0 — 16).. 

Occurrence.- — Although vanadium does not occur free in nature, 
compounds of vanadium occur widely distributed in small quantities 
in many rocks, and even in the ashes of plants. According to Clarke,^ 
the amount of vanadium in the earth’s crust is 0*017 per cent. The 
corresponding figures for copper, zinc, and lead are 0*0104 per cent,, 
0*0039 per cent., and 0*0020 per cent, respectively, so that it is incorrect 
to refer to vanadium as a rare ” element, although it is true that 
vanadium ores from which the metal can be economically extracted 
occur in only a few localities. The principal industrial deposit is an 
impure vanadium sulphide, containing considerable quantities of free 
sulplmr and carbonaceous matter, known as i^aironite, after its dis- 
coverer, and found in Peru. Analysis gave the following composition 
(per cent.): 2 S, 58*79 ; V, 19*53 ; SiOo, 6*88 ; C, 3*47 ; Fe, 2*92 ; 
AI2O3 and P2O5, 2*00 ; TiOo, 1-53 ; Xi, 1*87 ; Fe^O.^, 0.-20 ; Mo, 0*18 ; 
0, 0*38 ; LUO, 1*90. Total — 99*65 per cent. Particulars of the most 
important ores are set out in the table on the next page. 

Vanadium ores arc mainly of igneous origin. The vanadium 
sources which arc of ju’esent or potential economic value can be classified 
under several headings.^ 

I. In association with titaniferous viagnetiles and ihncriites. The 
best known dc])osit of this ty])c is the Taberg iron ore in Sweden, where 
vanadium was first definitely discovered. 

II. In veins of hydrothermal origin, where the vanadium is associated 
with cither uranium or gold. This division includes roscodite and 
rnottramite. 

III. In sul])hidc ores in which the mineral is associated with liydro- 
carbons. This class includes tlic patro}ii1c deposits of Peru and various 
vanadium-bearing asjyJialtites. It is ])robabic tliat those a.syhdltiics 
are the residuary seepage of ]3etroleum dc})Osits, and that they have 
l)ecji formed by the action of {a) liydrocarbons and [b) sulj)hur or 
liydrogcn sedphide on a fairly porous rock wliicli lias been inqiregnatcd 
with a vanadium conijiound. 

IV. In the oxidised upper levels of certain veins of lead and copper. 
Tliis class is numerous and widely distributed, and includes the various 
vanadates of lead, copper, zinc, etc. They may have been formed by 

^ Chirke, The, Data of CcocheaiDtn/, Bnlhliii OK), U.S. GcoJ. Sanri/, ]]'a.s-hi7)rjlrm, 1910. 

- Hillebrand, A7u,cr. J. Sci., 1907, [iv'-], 24 , 141. 

^ See llonogiaph on Vanadium Ores, Imperial Institute, London, 1924, p. 4. 
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MINERALS CONTAINING VANADIUM. 


Localitv. 


I Density. 


Proximate Formula. 


Authorities. 


ite . 


Peru . . i 2 -Go 




ite . 


Colorado, Utah, 
Australia. 


4-14 


2i:.U,.V,0,.K,0.3H,0 


Lite 


Colorado, Cali- 
fornia, Ah Aus- 
tralia. 


2-90 


(A muscovite contain- 
ing about 2S-G per 
cent. VCO-^.) 


nite 


Arizona, Mexico, 
A r g c n t i n c , 
Spain, Trans- 
vaal, Scotland, 
Ireland. 


G-GO-7-23 


3Pb3(VO,)..PbCh 


Hillebrand, loc. cit. ; Hetvett, i 
Trans. Amer. Inst. Min. Eng.y 
1910, 40, 274. 

Friedel and Cumenge, Comj>t- 
rend., 1899, 128, 532 ; Boutwell, | 
Bidleiin 260, U.S. Geol. Survey, 
1904, pp. 200-210 ; Fritchle, 
Chem. Mews, 1900, 82, 258 ; 
Hillebrand and Ransome, Ainer. 
J. ScL, 1900, [iv], 10, 120 ; 1 
Crook and Blake, Alin. Mag., 
1910, 15, 271 ; Wherry, Amer. 
J. Sci., 1912, [iv], 33, 574 ; 
Hillebrand, ibid., 1913, [iv], 35, 1 
439 ; Lind and Wliittemore, J. 
A7/ier. Chem. Soc., 1914, 36, 
2066 ; Plum, ibid., 1915, 37, 
1797 ; Schlundt, J. Phys. Chem., 
1916, 20, 485 ; Loomis and 
Sclilundt, J. Jnd. Eng. Chem., 
1916, 8, 990 ; Schoop, J . Chem. 
Soc., Abs., 1923, ii, 124, 870 ; 
Canneri and Pcstelli, Oazzetta, 

1924, 54, 561 ; Kammer and 
Silverman, J. Amer. Chem. Soc., 

1925, 47, 2514. 

Roscoe, 7Voe. Poy. Soc., 187G, 25, I 
109 ; Hillebrand, A7rier. ,7. Sci., 
1899, 7, 451 ; ibid., 1900, 10, 
120 ; Pearce, J. Chem. Soc., 
Abs., 1903, ii, 84, 380. 

Ro.se, Pogg. Anriale^i, 1833, 29, 
455 ; Roscoe, Phil. Trans., 
1868, 158, 1 ; Schrauf, Proc. 
Roy. Soc., 1871, 451 ; Storey- 
Alaskclyne and Flight, J. Chem. 
Soc., 1872, 25, 1053 ; Frenzel, 
Jahrb. Muier., 1875, 673 ; 

Nordstrom, ibid., 1879, 895 ; 
Nordstrom, Per., 1879, 12, 

1723; Silliinan, J. Chemi.. Soc., 
Abs., 1881,40, 1108; Rammcl^- 
berg, Jahrb. Miner., 1881 , 2, 26 ; 
WhAsky, ibid., 1881, 2, 24, 25 ; 
Plake, Amer. J. Sci., 1884, 
[lii], 28, 145; Doring, Jahrb. 
Miner., 1885, i, 204 ; Centh 
and vein Rath, Zeitsch. Kryst. 
Min., 1885, 10, 458 ; Pen field, 
A:mer. J. Sci., 188(), [iii], 32, 
441 ; Genth, Jahrb. Miner., 
1888, 187 ; Collie, J. Chemi. 
Soc., 1889, 55, 94; Lovisato, 
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MINERALS CONTAINING VANADIUM ■ — continued. 


Xaine. Locality. 

Density. 

Proximate Formula. 

Authorities. 

Descloizite La Plata, 

o-9-r)-2 

2 Pb(Zn)O.V.D 5 

Damoiir, Ann. Chivi. P/n/s., 1854, 

Xevada. X.W’. 



[3], 4 ^’ * Hillebrand, Arner. 

Rhodesia. 



J. Sci., 1889, [3], 37 , 434 ; Pen- 
tield, ibid., 1883, [iiij, 26 , 361 ; 
see also Schrauf, loc. cit . ; 
Frenzel, loc. cii. ; Silliman, loc. 
cit. ; Rammelsberg, loc. cit . ; 
\\'ebsk\g, loc. cit. ; Genth and 
vom -Rath, loc. cit. ; Genth, loc. 
cit. ; Bensaude, J. Chem. Soc., 
Ahs., 1921, 120 , 54. 

Deschenitc Germany . 

o-G-5-81 

Pb(Zii)V04 

Bcrgemann, Pogy Annalen, 1850, 
80 , 393 ; Tschermak, Pogg. 
Annalen, 1862, 117 , 349 ; 

Schrauf, ibid., IS 62, 116 , 355, 

Mottramitc Cheshire, Eng- 
land. 

0-89 

3(PbCii)(V04)., 

Roscoe, Proc. Poy. Soc., 1876, 25 , 
109 ; SiUiman, loc. cit. ; Ram- 
nielsberg, loc. cit. 

Chileitc . Chili 


3 C 1 uO. 3 PbO.VoO 5 

Domeyko, Ann. Mines, 1850, [4], 
j 19 , 145 ; Compt. rend., 1847, 
24 , 793 ; Silliman, loc. cit. 

Psittaeinite Montana . 


3(PbCii){V04),. 

3Cu(0H):,.GHo0 

Genth, Amer. J. Sci., 1876, [3], 12 , 
32 ; Pisani, Compt. rend., 1881, 
92 , 1292 ; During, loc. cit. ; 
Rammelsberg, loc. cit. 

V'olborthite LTals 

3-55 

3(CuCa)(V04).,.H.0 

Genth, Jaliresber., 1878, 1227 : 
Silliman, loc. cit. ; Ranimels- 
berg, loc. cit. 

Sulvanite . 8 . Australia 

4-0 

3Cu.>S.V,S5 

Govder, J. Che/ni. Soc., 1900, 77' 
1094. 


the action of percolating vanadiferous waters on compounds of lead/ 
])ut their origin is doubtful. 

V. In sedimentary rocks. These minerals also contain oxidised 
vanadium, and consist of vanadates ot iron, aluminium, lead, copper, 
etc. The cmiiotiic deposits of Colorado are of this type. 

In Great Britain vanadium has been found associated with the lead 
ores at Wanlockhead, in tlic Lead Hills, Dumfriesshire, as vanadinite,- 
and associated with the copper deposits at Aldcrley Kdgc and at 
Mottram St. Andrews, Cheshire, as moUramite. The latter was at one 
time mined and treated for its vanadium, but commercially ])rolitable 
su]:)]dies of this ore have now o-iven out. Vanadium has also been 
reported to occur in titaniferous iron ores at Antrim,^ and in rocks at 
Wicklow and Giant's Causeway.'^ 

The forc^oina account deals with the main distribution of van- 
adium ; the presence of this clement in very small quantities has also 
been established in a variety of substances. Among these the lollowing 

^ Ditto, Cof/h]>t. rend., 1904, 138 , 1303. 

" Collie, J. Chem. Soc., 1889, 55 , 94. 

HodgcLs, Chcni. dSeun, 1872, 26 , 238. 

Ajijoliti, 1872, 26 , 183; Sonsladt, ibid., 1872, 26 , 214; Thomson, Jahrb. 

Miner., 1837, 322. 
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may be mentioned : Clays and shales,^ bauxite, cryolite, rutile ^ and 
jritchhlende. Vanadium is absorbed by plants from the soil, and 
hence is found in the ash of some coals and lignites ; ^ a liynite from 
San Rafael, Aruentine, ijave 0-G3 per cent. ol.‘ ash which contained 
38-22 per cent, of vanadium estimated as the pentoxide,^ and the Hue 
dust from the burning of a South Yorkshire coal contained an appreci- 
able proportion of vanadium.'"' The presence of vanadium has been 
observed in petroleum hydrocarbons, asphalt, volcanic sublimations on 
Mount Vesuvius,® and meteorites ; " in technical products, e.g. caustic 
potash, sodium carbonate ; ® and in the blood-cells of certain ascidia,^ 
where it apparently replaces iron. 

History — ^In 1801 Manuel del Rio discovered the presence of a new 
metallic substance, which was subsequently called erythronium, in a 
lead ore found at Zimapan in Mexico. The discovery was communicated 
to the Academic des Sciences de Paris, and the ore wms examined by 
Collet-Descostils, who reported, however, that the new metal was impure 
chromium.i^ In 1830 Sefstrom definitely established the presence of a 
new element in a remarkably tenacious and ductile specimen of wrought 
iron which had been prepared from Taberg (SmMand) ore. To this 
Sefstrom gave the name vanadium, from Vanadis, a cognomen of the 
Scandinavian goddess F reia.^^ About the same time Wohler re-examined 
the Zimapan ore and found del Rio’s erythroniuni to l^e identical with 
vanadium. Considerable numbers of vanadium compounds were then 
prejDared and examined by Berzelius, who formed the conclusion that 
vanadium belonged to the same family as chromium and molybdenum. 
This conclusion was subsequently shown by Roscoe to l)c in error, 
because Berzelius had been handling the oxide or nitride wlicn lie 
thought he was dealing with the free metal. This error was due to tlie 
extreme dihiculty experienced in reducing vanadium compounds to tlic 
metal. Roscoe conducted some classical researches on vanadium from 
1868 to 1870, and found that the metal forms an oxide, VO, which 
enters into reactions as the vanadyl radical [VO]“, in an analogous 
manner to the uranyl radical [UOg]**. He also established the intimate 
relation that exists between vanadium and the members of the nitrogen 
famihv^® Ditte continued the work by his extensive investigations 
into the preparation and behaviour of a large number of vanadium 
compounds.^® 

^ PJupson, Chem. Xevjs, 18G3, 7, 210. 

- Deville, A^iri. Chini. Phys., 1861, [iii], 61, 309, 342. 

^ Baskervillc, ,1. Chem. Sac., 1899, 76, 660; Mirigaye, ibid., 1904, 86, 420. 

^ lvyU> Chem. isews, 1892, 66, 211. ^ Itamage, Xatnre, 1927, 119, 783. 

Carobbi, Alld R. Accad. Lincei, 1920, [vi],4, 30(5, 382. 

’ Apjolm, J. Chem. Sac., 1874, 27, 104 ; llassclberg, Ofveim. K. Vcl.-Ahad. Forh., 1899, 
56, 131, fi’om J. Chem. Soc., Ahs., 1901, 80, ii, 251. 

^ Thorpe, J. Chem. Soc., 1872, 25, 0(50 ; Robinson, Chem,. Xews, 1894, 70, 199 ; Smith, 
ibid., 1890, 61, 20. 

Henze, Zdlsch. phydiol. Chem., 1911, 72, 494. 

Humboldt, Gilbert's Annulen, 1804, 18, 118. 

Descostils, Ann. Chirn. Phys., 1805, [ i], 53, 2G0 ; Gilbert s Annalen, 1822, 71, 7. 

Sefstrom, Pogg. Annalen, 1831, 21, 43. 

Wohler, ibid., 1831, 21, 49. 

Berzelius, ibid., 1831, 22, 1. 

Roscoe, Phil. Trans., 1SG8, 158, 1 ; 1SG9, 159, G79 ; 1870, 160, 317. 

Ditte, Gompt. rend., 1883, 96, 84G ; 1885, loi, 098, 1487; 1880, 102, 757, 918, 1019, 
1105, 1310 ; 18SG, 103, 55 ; 1887, 104, 902, 982, 1001, 1108, 1705, 1844 ; 1887, 105, 813, 
1067 ; 1888, 106, 270. 
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Roscoc obtained Ins vanadium from the residual lime precipitate 
which was thrown down during the extraction of cobalt from the copper 
deposits at Aldeiicy Edge and Mottram St. Andrews in Cheshire, 
England. Although the total amount of vanadium in the ore was only 
small (the lime precipitate contained about 2 per cent, of vanadium), 
these deposits for a long time formed an important source of supply 
of vanadium compounds. Until the year 1900 the only industrial 
applications of vanadium compounds lay in their employment as 
catalysts in the manufacture of aniline-black, and in their use as 
mordants in dyeing and calico-printing. The Cheshire source for these 
purposes was supplemented and later displaced by supplies obtained 
from the Spanish lead mines and from the basic steel slags produced 
at Le Creusot Steel Works in France. It was found that these slags 
contained over 1 per cent, of vanadium.^ 

The industrial application of vanadium received its main impetus, 
however, when the metal entered the domain of metallurgy. In 1893 
Moissan applied his electric furnace to the making of alloys of vanadium, 
and produced ferrovanadium in large quantity. The mechanical 
properties of vanadium steels were noted by Helouis in 1896,- but were 
first thoroughly investigated at Sheffield, England, by Professor Arnold 
in 1900 (see p. 26), whose work was followed by that of Sankey and 
Smith in 1904.^ The discovery of the vast Peruvian deposits in 1905 
was followed by the successful preparation from them of a ferrovanadium 
alloy which could readily be employed in the manufacture of vanadium 
steels. This process now absorbs nearly all the world’s production of 
vanadium. 

Commercial Sources of Vanadium. — The world’s most important 
vanadium supply comes from the deposits of patronite in Peru. The 
ore occurs in the coal deposits at Minas Raga, and is essentially a 
sulphide of vanadium containing 10 per cent, or more of vanadium 
and 30 per cent, or more of free sulphur.^ The substance is hard, and 
has the appearance of a black, slaty coal. The surrounding earth is 
impregnated with vanadates or other vanadium compounds, and con- 
tains numerous deposits of asphaltites, the ash from which yields from 
20 to 40 per cent, of vanadium pentoxidc. The patronitc deposits arc 
supposed to have been formed by the upward movement of asphaltic 
petroleum and its subsequent evaporation, the vanadium being derived 
from the vegetable matter which gave rise to the petroleum. The 
mines at Minas Raga arc the highest in the world, and arc about 16,000 
feet above sea-level. The ore is here submitted to a preliminary roast- 
ing, whereby the vanadium content is increased to about 20 per cent, 
with almost total elimination of sulphur. The mines arc connected by 
rail to Callao, whence shipment of the material takes place to the United 
States for further treatment. 

A secondary source of supply lies in the carnotite dc])osits of Colorado 
and Utah. The vanadium content in these is very low, being only 
about 1 per cent, or even less, and the ore is really worked for its radium 
and uranium conten I, tiic vanadium forming a by-product. The deposits 
of carnotite are considerable. 

^ W'itz and Osmond, Cfunn. Ntv's, 1882, 46 , 47. 

“ Helouis, J. Soc. Cheni. Jnd., Abs., 1896, 15 ? 957. 
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Commercial sources of vanadium which are now disused arc the 
roscoelite deposits in Colorado, the vanadinite deposits near Santa Marta 
in Spain, and the vwttramite deposits in Cheshire and Shrewsbury.^ 
It is of some interest to note that efforts are being made to extract the 
vanadium from the Taberg iron ores or slags, in which vanadium was 
originally discovered,- and from the Rhodesian deposits. ^ 

Extraction of Vanadium. 

For industrial purposes vanadium is not required in the elemental 
state. Alore than 90 per cent, of the world’s production of vanadium 
is used in the manufacture of special steels, for winch purpose an iron- 
vanadium alloy, known as ferrovanadiwn, containing from 30 to 40 
per cent, of vanadium, is marketed. The method of manufacture of 
this alloy from vanadium-bearing ores varies considerably with the 
composition of the ore and the value of the by-products. The process 
is conveniently divided into two stages : 

I. The preparation of a complex mixture of vanadates or of crude 
vanadium pentoxide or of crude iron vanadate. 

II. The conversion of these products into the iron- vanadium alloy. 

I. The Pre]oaration of a Complex Mixture of Vanadates or of Crude 
Vanadiiun Pentoxide or of Crude Iron Vanadate. 

A. Dry Process. — The ore is roasted in a reverberatory furnace of 
about eighty tons capacity. The time occupied in passing the ore 
through the furnace is about two days, this time being necessary in 
order to burn off the asphaltic material which, together with any j’rec 
sulphur also present, renders the addition of fuel unnecessary except 
towards the end of the heating. The roasted product contains from JO to 
50 per cent, of vanadium pentoxide and not more than 0-5 per cent, of 
sulphur, the rest being made up of silica, alumina, lime, magnesia, iron 
and nickel in varying proportions. This material is mixed with suitable 
fluxes and subjected to a matte smelting in a second rcvxn'beratory 
furnace. A matte is formed of all the foreign metals present in the 
ore, and a supernatant slag is produced, which contains all the vanadium 
combined with the gangue material (silica, lime, alumina, magnesia) 
as mixed vanadates.^ 

B. Wet Processes. — These vary considerably in detail according to 
the nature and amount of constituents other than vanadium in the 
ore. An outline of the operations in\'olvcd in the ease of j^otronite is 
as follows : The ore is roasted wRh common salt or sodium carbonate 
and then extracted either (a) with water to give an alkaline solution 
of sodium vanadate and soluble vanadates of other metals, any lead, 
zinc, copper, etc., being left in the residue; or (b) with sulphuric acid 
to produce a solution of vanadyl sulphate. Acid extraction is usually 
employed when the vanadium content of the material is low. The 
alkaline extract from (a) is treated with excess of sodium carbonate 
in order to ])rceipitatc calcium and aluminium, after removal of which, 

1 SiiUlh, J. Sor. Ctic.-yn. Jrtd., 1901, 20 , 1183; (k-rland, ibid., 1901, 20 , IISS; Gin, 
Tra:n-H. Arnar. EJcctrochtin. Soc., 1909, i 6 , 409. 

“ 8 cc Ch.o.ru. M(-t. Eurj., 1922, 27 , 321 ; Amer. Chem.., 1925, 19 , 3234 ; 1927, 21 , 

2G3S ; Kjellberg, Eng. and Edin. J., 1927, 123 , 521. 

^ Walker, ibid., 1928, 125 , 733. 

Saklatwalla, Trans. Amer. Ehcirochern. Soc., 1920, 37 , 341. 
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addition of ferrous sulphate throws down a ])rceipitatc ol iron vanadate 
of uncertain composition.^ The acid solution of vanadyl sulpliate 
from {b) is citlier evaporated to a cake and the residue calcined to 
vanadium pentoxide, or the solution is treated directly with oxidis- 
ing agents, e.g. hypochlorites, wdiercupon precipitation ot vanadium 
pentoxide takes place : 

2V0S0, + Clod-8ll20=:V205H-‘2n2S0,-|-2lICL 

For the treatment of caryiotite several methods arc available. TIic 
method recommended by the IJyiited States Bureau of Mines - is as 
follows : The ore is leached with concentrated nitric acid at 100° C., 
neutralised with caustic soda, and barium chloride and sul|)]niric acid 
added to the solution to precipitate the radium as barium-radium 
sulphate. The precipitate settles in three or four days, after wdhch tijne 
the clear liquid is decanted into tanks and is treated with excess ot 
boiling sodium carbonate solution in order to precipitate any iron, 
aluminium and chromium present. The solution now contains sodium 
uranyl carbonate and sodium vanadate. It is nearly neutralised witli 
nitric acid, and caustic soda is added in sullicicnt quantity to precipitate 
the uranium as sodium uranate. xAftcr filtering, the remaining solution 
is neutralised with nitric acid and ferrous sulphate added, whcrcii])on 
iron vanadate is thrown down. By this mctliod it is claimed that 
90 per cent, of tlie radium, all the uranium, and 50 per cent, of the 
vanadium in the carnotite are recovered. 

Electrolytic methods for the se])aration of vanadates of the metals 
have also been suggested, but do not appear to have come into general 
use.^ 

II. The Conversio)i of the Proclucts of the Pre/oious Stage into 
Iron- V ariadvuni Alloys, 

The ])rcparation of tl\c iron-vanadium alloy from the crude vaiiada[(‘s 
olAaincd in any of the foregoing ])rocesses is carried out almost (‘iilirciy 
at Bridgville, Pennsylvania. The ])roccss consists in rcduc.liou ol‘ the. 
material with carbon in the electric furnace. Three' gra.])hit(' rods of 
12-inch diameter arc sus])cndcd in an intimate mixtures of vanadium 
compound, iron ore or scale, Quxing agent (lime or lluorsj)a.r), and cohc', 
contained in a cast-iron furnace lined successively witli bricks and 
carbon blocks. The material is moved by a worm-conveyor iulo tlu^ 
high-temperature zojic, and thence is immcdiatc*ly rc'movc'd in ordc'r 
to prevent rcoxidation of the vanadium. TAvo ta])-hol(‘S are' prov iele*d, 
one for alloy and one for slag, a!id ce)utinue)us lee'el is e*m j)loye'(l.^ A 


good sample 
analysis : — 

of the alloy jiroeluced 

in this maimer 

gave the fe)lle)wiug 

Fe . 

. -48-G5 per cent. 

Al 

O-Bl })e'r e*emt. 

V . 

. 49-2() 

Ain 

. 0*82 

Si . 

■ 0-72 

S . 

. 0*15 

C . 

0-.35 ,, 

Ni 

. ()•!() 


’ Saklatwalla, loc. oil.; lUec(;ker, MlL Ak/.f/., lail, 9, -Oa. 

“ Seo IJ.H. Hurmu of Bulletin 10-1, 1015, j). 50 ; also (Joiih'V, ('hcvi. Ucl. Emj., 

1919, 20, 514 ; d' Aguiar, ihid., 1921, 25, 825 ; Docnicr, ihiiL, 192-1, 31, 120 ; Thews and 
Heinle, J. hid. Eng. Chcin., 1923, 15, 1150. 

^ Bleocker, loc. cit. 

^ Scott, The Engineer, 1923, 136, 036 , Sciklatwalla, J, hid. Eng. Chem., 1022, 14, OOS; 
Electrical World, 1923, 81, 452, 
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The usual vanadium content of commercial ferrovanadium is, however, 
between 30 and 40 per cent.^ 

Carbon has a great tendency to combine with vanadium to form 
carbides, the presence of whicii in the alloy renders it unsuitaible for 
use in steel manufacture. The successful employment of carbon as 
the reducing agent is in fact quite recent. Formerly silicon, an iron- 
silicon alloy, or aluminium was used in of carbon, but it was 

difficult to obtain a product which was free from silicon or aluminium, 
and considerable loss of vanadium took place in the slags. ^ 

Modifications of the Goldschmidt thermite process may also be 
employed for the preparation of the iron-vanadium alloy. The crushed 
vanadates or vanadium pentoxide are mixed with the necessary amount 
of iron scalings or turnings and fluxes, and introduced into a gas-fired 
open-hearth furnace or into an iron crucible provided with a refractory 
lining and previously heated to redness. The reactions taking place 
are : 

(i) 3VoO5-^10Al-:6V-f5AloO3. 

(ii) Fe203-f2Al -2Fe-f-Al203. 

With a vertical-shaft furnace a much higher temperature, 2500° to 
2800° C., and a much larger output can be obtained than with a crucible. 
A furnace 9 feet 3 inches high and 4 feet 6 inches wide will produce 
125,000 lb. of alloy in one “ run."' ^ 

Preparation of Vanadium. — There is no demand for pure van- 
adium, and the isolation of the metal is therefore not an industrial 
^orocess. Even on the small scale the operation is attended with con- 
siderable difficulty, owing to the very high temperature necessary 
for the reduction of vanadium compounds and the tendency for re- 
oxidation to take place. The following methods have given products 
of variable purity : — 

(i) Modifications of the Goldschmidt Process. — Vanadium pentoxide, 
V2O5, is mixed with twice its weight of an alloy of the rare earths 
obtained in the manufacture of thorium nitrate, and consisting roughly 
of 45 per cent, cerium, 20 per cent, lanthanum, 15 per cent. “ didymium,” 
and about 20 per cent, of other rare metals. The reaction is carried 
out in a magnesia-lined crucible and. is started with a firing mixture 
of barium peroxide, potassium chlorate, and aluminium powder. Con- 
siderable evolution of heat takes place."^ It is claimed that vanadium 
of 99-7 per cent, purity can be obtained by this method.^ Samples of 
vanadium, which in some cases were 100 per cent, pure, have recently 
been obtained by reducing the pentoxide with a mixture of linely milled 
calcium and calcium chloride in a bomb heated electrically for an hour 
at 900° to 950° C. The presence of hydrogen or carbon should be 
avoided, and the operation is best conducted in vcicuoS" 

Vanadium pentoxide is not easily reduced by means of aluminium,’^ 

^ For canalyses of other samples sec Monograph on Vanadium Ores, Imperial Institute, 
London, 1924, p. 13 ; Fourinent, Reviie de Metallurgies 1926, 23, 135. 

- Saklatwalla, loc. cit. ; Vogel, J. Soc. Cheui. Ind., 1924, 43, 367. 

^ Matignon and Monnet, Compt. rend., 1902, 134, 542 ; Saklatwalla, Trans. Amer. 
Elcctrochem. Soc., 1920, 37, 341 ; Ch-em. and Mel. Eng., 1922, 26, 1141. 

Muthmann, Chem. Zeit., 190-f, 28, 506 ; Weiss and Aichcl, Annalen, 1904, 337, 380. 

^ Muthmann, Weiss, and .Riedelbauch, Annalen, 1907, 355, 59. 

^ Warden and Rich, J. Ind. Eng. Chem., 1927, 19, 786. 

' Goldschmidt, Zeitsch. EleJctroeheni., 1898, 4, 494; Hittorf, Physikal. Zeitsch., 1903, 
4, 196. 
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which also tends to alloy with the product. ^ Even v/ith the addition of 
carbon, calcium fluoride, or calcium carbide to the reaction mixture, 
complete reduction does not ensue.^ Aleyer and Backa obtained 
vanadium of only 93-5 per cent, purity using vanadium pentoxide 
and aluminium as in the Goldschmidt process.'^ Vogel and Tammann 
claim to have prepared vanadium of more than 99-07 per cent, purity 
by the same method, but did not ascertain the conditions necessary 
for success.'^ Buff and Martin prepared 95 per cent, pure vanadium 
by using vanadium trioxide, VgOg. and aluminium.^ 

The use of calcium in place of the rare-earth alloy as the reducing 
agent gives a product containing from 91 to 93 per cent, of vanadium, 
while a mixture of calcium and aluminium produces 94-5 per cent, pure 
vanadium.^’ Lithium has been used as reducing agent, vanadium of 
99 per cent, purity being claimed.'^ 

(ii) Reduction of Chlorides. — Roscoe reduced vanadium dichloride, 
VCL, at a bright red heat with hydrogen, every precaution being taken 
to prevent the entry of moisture and oxygen into the apparatus. The 
product was 95-8 per cent, pure metal, the impurity being mainly 
hydrogen. This method is of interest in that by its means metallic 
vanadium was first obtained ; the process is, however, very slow'.® 
Reduction of the chlorides of vanadium by means of sodium gives a 
product of doubtful purity.*'^ Billy claims to have prepared pure 
vanadium by passing the vapour of vanadium tetrachloride, VCl^, over 
sodium hydride, prepared m situ, at 400° 

(iii) Electrolytic Reduction at High R'einperatures. — The deposition 
of metallic vanadium by electrolysis of a solution of a vanadium salt at 
ordinary pressures has not hitherto proved successful.’^ The reason is that 
vanadium compounds of low valency frequently decompose water w'ith 
evolution of hydrogen and undergo oxidation whth increase of valency, 
so that the formation of the free metal docs not ensue. The electrolytic 
isolation of other strongly electropositive metals is attended with the 
same dilliculty. Electrolysis of anhydrous fused vanadimn salts or 
reduction of vanadium oxides in the electric furnace can, how^ever, be 
successfully employed. Thus, the metal has ])cen obtained by electro- 
lysing vanadium trioxide or pentoxide dissolved in a bath of molten 
vanadium tetrafluoride and calcium fluoride. The anode is made of 
carbon and the cathode of lead. A lead-vanadium alloy is obtained 
from w'hich the lead is subsequently volatilised. This process is similar 

^ ^toissan, Compt. rand., 189G, 122, ]297. 

- Koppcl and Kaut'mann, Zcitsch. anorg. Chcjn., 1907, 45, 3o2 ; Prandtl and Bleycr, 
Btr., 1910., 43, 26(.)2. 

^ 2Icycr and Backa, ZeiUcJi. anorg. Chew-., 1924, 135, 177. 

^ Vogel and Tammann, ibid., 1909, 64, 225. 

^ Pvufi and Marlin, Zciisch. anejaw. Cham., 1912, 25, 49; but compare Prandll and 
Manz, Zeitsch. anorg. Cliean., 1912, 79, 209. 

^ Prandtl and Bleycr, ibid., 1909, 64, 217. 

" Baughman, Trans. A rnr-r. Ele.ctrochern. Boc., 1923, 43, 305, but details of his method 
are n(h given. 

^ .Roscoe, Pliil. Trails..^ 1809, 159, 079. 

^ Iloscoe, loc. ait.; SetterLn-g, Of tuns. K. Vcd-.-AJcnd. Fork., 1882, 39, Xo. 10, 13; 
Ih'andll and Manz, Z/ailscJi. anorg. Clicm., 19] 2, 79, 209 ; Jdunter and Jones, Trans. Amar. 
ElaclrorJiani. Soc,, 1923, 44, 28. 

Billy, Compt. rend., iOLl, 158, 578. 

Pischcr, Trans. Amar. ElecdroclLem. Soc., 1916, 30, 175. 

Compare Marden and Rich, J. hid. Eng. Cliarn., 1927, 19, 78G. 
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to the Tlcroult method for the extraction of aluminium.^ Gin electro- 
lysed molten calcium fluoride using a steel cathode and an anode com- 
])osed of a mixture of carbon and vanadium trioxide, V 2 O 3 . Vanadium 
trifluoride is formed on the anode, passes into the molten electrolyte 
and is then decomposed, the vanadium being deposited on the cathode. “ 
Beckman electrolysed a vanadium oxide in a bath of molten lime.^ 

(iv) Reduction of Oxides of Vanadium in the Electric Furnace . — 
The reduction of vanadium pentoxide or trioxide by means of carbon 
yields a product which contains some of the carbon as carbide.^ 
Friederich and Sittig were unable to obtain a sample containing more 
than 82 per cent, of vanadium when they reduced a mixture of vanadous 
oxide, VoOg, and carbon in an atmosphere of hydrogen.^ Using sugar- 
charcoal and carrying out the reduction in an atmosphere of hydrogen 
in an electric furnace, Aloissan was able to reduce the carbon content 
to 4*t per cent.® liuff and Alartin obtained 98-11 per cent, vanadium 
by heating to 1950'^ C. a mixture of vanadium carbide and vanadium 
trioxide pressed into a rod in a zirconia crucible.^ The reduction of 
vanadium trioxide has also been effected by passing an electric 
current through rods of the material in a good vacuum,^ and by the 
action of hydrogen at a joressure of 5 atmospheres and a temperature 
of 2500'^ C.^ 

The isolation of vanadium can be effected on a very small scale, 
suitable as a lecture experiment, by passing an electric current through 
a platinum ^vi^e filament immersed in vanadium oxytrichloridc, VOCh, 
either in vacuo or in an atmosphere of hydrogen.^® The metal is 
obtained as a smooth, silver-grey deposit. 

Physical Properties of Vanadium. 

The reported data are not always in good agreement owing to the 
fact that vanadium in varying conditions of ])urity has been used i'or 
the determination of constants by the various investigators. Ahmadiuni 
has been variously described as: a bright grey metal which aj)pears 
as lustrous, silver-white crystals under the microscope ; a grey 
powder in which glistening, needlc-likc crystals can be seen with 
the naked eye ; small crystals, of differing crystalline form, which 
appear blue or olivc-green on the surface, and winch possess flat, 
glistening faces silvery, well-formed crystals of twin r]ioml)oids, 
belonging to the hexagonal system ; similar in ap])caranee to cast 

^ Baughman, Trans. A mar. Elcctrochr-m. Toe., 1909, 16, 4 ->9. 

“ Gin, ZeAtsch. Elektrochcrn., 1903, 9, 831 ; Baiwhman, Trans. Amcr. Jeicclrurlion: Soc., 
1909, 16, 442. 

^ Beckman, ibid., 1911, 19, 171. 

Moissan, Cornet, rend., 1893, 116, 

5 Fricdcrich and Sittig, ZcAtsch. anorg. Chem., 1925, 143, 303. 

® Moissan, CovijJi. rend., 1890, 122, 1297. 

‘ Ruil and Martin, Zeifsch. angew. Chem., 1912, 25, 49. 

s von Bolton, Zeifsch. Klc.Hrochem., 1905, ii, 45; compare Bangliman, Trans. Amcr. 
Elec troche?-/!: Soc., 1923, 43, 310. 

^ Wartenberg, Broy, and Rcinicko, Zeitsch. Elektrochem. , 1923, 29, 214. 

Edson and McIntosh, Trans. Roy. Soc. Canada, 1915, [iii], 9, SI. 

Roscoe, Phil. Tranks., 1809, 159, 679. 

Setterberg, Ofrers. K. Vet.-Akad. Fdrh., 1882, 39, No. 10, 13. 

Brdggcr and Flink, Zeitsch. Kryst. Min., 1 884, 9, 232. 

Weiss and Aichel, Annalen, 1904, 337, 380. 
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iron wliicli is rich in carbon, and sometimes forms long prisms.^ X-ray 
analysis shows, however, timt vanadium possesses a body-centred cubic 
lattice crystal of side equal to 3-04 A ; the distance bct\vecn the nearest 
atoms is 2*63 A.^ The metal is rather brittle but extremely hard ; its hard- 
ness on Mohr's scale is 7-5, so that it cannot be scratched even b}" quartz 
or steel. The density of pure vanadium is 6*0 at 22"" C.,^ 6*025 at 
15" Other reported figures vary with the purity of the sample : 

5*688 at 18-7^ C. for a specimen 98 per cent, pure; ^ 5*53,^ 5*5 at 15° C.,^ 
5*8 at 20° C.,® 5*97 ^ and 5*987 at 20° for samples about 95 per cent, 
pure. The melting-point of the purest vanadium obtainable is given 
as 1720° — 20° Other reported figures are 1650° C.,^“ 1680° 

about 1700° 1715° C.,^^ 1750°2li»19° C.,^^ below 1760° The specific 

heat of vanadium is 0*120 between 20° and 100° C.,^® 0*1153 between 
0° and 100° 0.,^^ 0*12 10, 0*1 259, 0*1235 to 0*1258.“- The metal is 
non-magnetic ; even when subjected to a temperature of —259° C. 
it gives only very feeble indication of ferromagnetism.-^ The specific 
electrical resistance of cold-worked vanadium metal is 26xl0~^ ohms 
per cc. at 20° C. ; tlie temperature coclficicnt of resistance between 
20° and 150° C. is 0*0028. Vanadium can be cold-rolled into wire ; 
it has a tendency to become harder when so treated and annealing 
is beneficial. Photo mi crogra])hs of vanadium metal arc given in the 
reference cited. 

The refractive index of vanadium is 3*03, the coeflicient of absorp- 
tion 3*51, and the rellcxion capacity 57*5 per cent, for yellow light 
of wave-length A = 5790.-' Vanadium compounds do not inqiart any 
coloration to the ordinary Bunsen flame, and do not furnish any char- 
acteristic line spectra even in the oxyacetylcnc flame. The llame 
produced between carbon electrodes consists of a reddish-purple core 
with a yellowish -green shell and a red edge.-^' 

' ^[utlimanri, AVtass, and Idcdolbaucli, Annalcii, 1907, 355, oS. 

2 Hull, Phy.<<. Jlaview, 1922, 20, 113. 

Mardcai and Hich, J. J nd. Eng. Cduvm., 1027, 19, 788. Tliiti ligurc was given by the 
cold- Worked metal. 

IMuthrnann, W'eiss, and H iedell)aiicli, loc.. cit. 

^ Rui'T and Martin, Zeit-icI/.. angvio. Chon..., 1912, 25, -19. 

HuiiU'r and don(\s, Tran.'i. Ainny. Elc.clrocltciii.. Soc.. 1923, 44, 28. 

” Roseoe, J, Chon,. Soc., 1S7U, 23, 357. 

^ Avloissan, Cornpt. rend.., .1890, 122, 1297. ® Hiinte]’ and Jones, loc. cit. 

Prandll and Manz, ZeiCch. (in.onj. Chern,., 1912, 79, 2o9. 

Burgess and \\'a.llenburg, J. \V n.'^Iiinglon Aaid. Eci., 1913, 3, 37.1; Baiigliman, 
Trann. A nnr. Elvcl} ocheni. Eoc.., 1023, 43, 280. 

Arsein, ibid.. 1923, 43, 313. 

von B()lton, ZcaCcJi. Elcldrochenb., 1905, ii, 45 (delcnuined by the Lumnier [ilioto- 
metric method). 

March'll and Bieh, loc. cit. 

Bud and Martin, loc. cif. (determined by c'xti’a jiolation). 

V'ogel and Tammann, ZcAt-sch. (inorg. Chcni., I.908, 58, 73. 

'■ Slade and lligson, J. Chon. Soc., 19 1 9, 115, 209. 

Mar den and Rieli, loc. cit. 

Maehe, S itzu.ng.Ajcr. K. Ahad. ITev-s. Wien, 1897, 106, 590. 

M.utlimann, Wddss, and Ri(ul(.‘]ba,iieh, loc. cit. 

Settei'bei’g, O/Jv /v. K. Vcl.-Al:nd. Fork., 1882,39, Xo. 10, 21. 

-- Matigrion and hlonnc't, (dnnyt. rt nd.., 1902, 134, 542. 

Honda, .1 /no Pky.sLh, 1910,32, 1027; Loring, Cheni. Woes, 191-1, 109, 122; A\'ei.ss 
aiifl Onnes, (Joinpl. rend., 1910, 150, 087 ; W'eiss and Collet, ibid., 1924, 178, 2146. 

i\Iard(.-n and .Rich, J. Ind. Eng. Chon., 1927, 19, 787. 

-'> \\4rr1 eidu'T'cr^ I'd'-rC. 1910 inr> 
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Loekycr and ]3axcndalli invcstioatecl the arc spectrum of vanadium 
by volatilising vanadium chloride and vanadium oxide between noles 
of pure silver. Using a Howland grating, over 050 lines were obtained 
in tlie region between A ;38S7 and A 4932, the more intense of which are 
indicated in the following table : — 


ARC SPECTRUM OF VANADIUAI.^ 


Whive-leiigth. 

I nUaisily 
of Lino. 

Wave-length. 

Intensity 
of Lino. 

’Wave -length. 

Intensity ' 


Max. -10. 


Max. -10. 


Max. ^ 10 . 

389()-3 

7 

112:V6 

7 

4152*2 

7 

3902- t 

10 

28-2 

9 

60*5 

7 

09-9 

9 

32 1 

9 

89*1 

7 

90-7 

7 

34*0 

9 

4545-6 

7 

92*9 

7 

1341 *2 

7 

60-9 

7 

98*!) 

7 

53*0 

7 

77*3 

8 

.|.()9()*7 

8 1 

79*1 

10 

80-6 

8 

92-8 

8 i 

84*9 

9 

86-5 

9 

9r)-() 

r' 1 

i 

90*1 

9 

94-3 


99'9 

9 

95* 1 

8 

4619-9 

i 

! 7~8 

id 05 -3 

1 7 

1 too -7 

8 

4851-7 

7 

09*9 

* 8 

()()*8 

7 

64-9 

7 

12*0 

to 

07*8 

7 

75-7 

7 

15-3 

1 9 

38*0 

7 

81-7 

7-8 

i «;•{; 

1 8 

11*9 

7 




The most intense lines prodiua'd by vanadium in the spark spectrum 
are srl out in tin* {ai)|(‘ on I h(‘ opposite^ 'pagea'^ 

'the most 'niiciisr lines in t}u‘ s{)ark sp(ad,rum of a metal arc not 
n. t'(--.'.ai-il\’ the most jjvrsistt’iit when solutions containing the metal 
in <uadnall\- mer<-asing^ ddution are sparked.'^ By ]:»hotographing the 
spcelra ‘M\on })\' solutions ('ontaining oiu^ gram of the metal, usually 
in liie foimi (d'lis eldoride. in e\(‘ry lOt), 1000, 1(),(){)(), and 100,000 parts 
(,r soinlion. il has been possible to draw ui) a table (}). 22) showing the 


1.-. :■ :;;.l /'/or. UniJ. Xor., mol, 68, ISa. 

• 1 j., : .1 I - Miiri.it lo;) ■■ tli.ui till- ijlioM- arc those ot 'I'lialcii {\'ora aria rtgiai socictatio 
; c>. . t j) .U.;. !.st;,s. i iiij, 6, a, Ih)), tlassclhcri; [ Konghmjn. 8 rc •Oja. relcnl:aps 
, . ! sO'.e ga :!), and !u)\vlaiid and Harrison {A-'<lro'j)hps. J., JOOO, 

M ,?!v a i'e-. h d.-tci ininat ion in liic rcLMoii / 2207 to A 4t)0() has been 

. a! Liidv. i • ' Z. .d--7, ///•■•. !*}tnt(>r}n nt., 1017, l6, 1.77). Additionallines in the 
no 1 /, 1.,/ lao. C iiccn t ;i hnlat c<l by K ur-^s anci hlogvers; { U.A. Tia/'raa 

.-'•; '! , /, I 0, .) I ), .1 lid 111 

! f ri o . h . b<-<-ii jti \ cr t lea 1 


10 : 0 . :>, 
i : ■• iO ]•. 


|)cfti.i produced iiy volalilisaticm of the metal 

1 1)\ Kiny ( .\.^:{ /(>/))/ //■•<. J 101.7, 41, 8b; 1924, 
i/u/, I‘.:2n, lMl/39, 211), and by (desedt'r and (irotriaii 
. llc-odaiilics in tlic structure of the vanadium arc 

b\ Kic.-s and Mey^mu's (J. WaAiirujton Acad. 
hell and Soiiinuu’ [Zc itsch. J ut 1925, 


i; . tudied 

7 ; 1 14, 1.>1 ), He 
/Um/ , 1 vu .>"0;. 

• ■im... S ;/.■///;'/ //«/. K. AUd. Iteso. Itheu 1808, 107, [2]; see 
//' i02i'), 201, Ihhl, and Itu.s.s**!!, J., 1027, 66, 184, 233. 

/Voy. Xor., Itloig 69 , 283. 


also 
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SPARK SPECTRUM OF VANADIUM. 


W'avc-length. 

ILdati ve 
Intensity 
of Line.’- 

W'avc-length. 

Relative 

1 ntcnsity 
of Line.^ 

W'ave-kmgtli. 

-Relative 
Intensity 
of Line.’ 

23GG-4 

16 

3271-3 

20 

4023-5 

20 

71-2 

18 

76-3 

20 

35-8 

IG 

82 -0 

IG 

80-0 

16 

80-6 

2G 

98-7 

18 

3501-6 

IG 

90-8 

16 

2405 -3 

IG 

17-5 

20 

4100-0 

16 

252G-8 

16 

24-9 

IG 

15-4 

16 

28-0 

18 

30-9 

20 

28-3 

16 

93-2 

16 

45-4 

20 

32-2 

! 16 

95-2 

16 

56-9 

20 

83-7 

: 16 

26 11 -I 

16 

89-9 

18 

4370-4 

41) 

44-5 

16 

92-2 

18 

84-9 

1 40 

49-5 i 

16 

93-5 

16 

90-2 

30 

55*8 

16 

36G9-5 

16 

95-5 

20 

63-4 i 

18 

3727-5 

16 

00-8 

18 

2715-8 

16 

71-1 

20 

4489-1 

16 

3093-2 

IG 

3952-1 

18 



3190-8 ! 

16 

4005-9 

16 




most persistent lines under these conditions. Tlic a]:)plication of tlic 
knowledge of the residuary lines given by a metal renders })ossible 
its estimation in a solution of unknown strength. The quantitative 
spectrum of vanadium is as shown in the table on the next page.'’ 

The following marks of identification arc employed in the table : — 

— seen with 1*0 per cent, solutions but not with 0*1 per cent, solutions. 
X- ,, 0*1 „ „ „ „ O-Ol „ 

„ 0-01 „ „ ,, „ O-OOl „ 

Measurements of wave-lengths in X-ray high frequemey s])cctra arc 
given in the references cited. The electron configuration of vanadium 
atoms has been iiiA’Cstigated.'^ Attcmjhs have becai made to bonfhard 
the vanadium atom with the view to obtaiiiitig hydrogen nuclei, but 
without result.^ Vanadium is not radioactive.^ 

^ There is a general want of uniforiuily iti the standards that Jiavc* be( n adopted by 
diherent observers for measuring the relative intensities of spectral hiu's. The intensity 
ligui'es given in this table and in the preceding table do not rofei' to a common standard 
of measurement. 

- hollok, Proc. Ron. fJidjlin. Soc., .1909, ii, 331; Laly,' X/jec/./Yrmop// (Longmans, 
London), 1927, 2, 1-14; sec also de Gramont, Cohi.jit. raid., 1920, 171, 1100. 

^ K scries : Hjalmar, Phil, 1921, 41, 075 ; Dolcjsck, Coni.jd. rend., 1922, 17^, 

441; Siegbahn and Dolejsek, Zeitsch. JdujsU:., 1922, 10, J59; Coster, ibid., 102-1, 25, 
83; WTdtei-, ibid., 192-1, 30, 357 ; Lindh, ibid., 1925, 31, 210; Larsson, /5d/.. _192b, 35, 
401 ; Levi, Trans. Po/j. Soc. Canada., 1924, [hi], 18, 159 ; KcndivKlvS and \V\ado4f, J . Phijs. 
Cheni., 1927, 31, 703. L series: Thorieus, PiiiL. Pfag., 192(), [viij, 2, 1007. 

kSamucl and Tlai'kowitz, Zidtsch. Physik, I92G, 38, 22 ; Lessheim and S’.amuel, 
ibid., 1920, 40, 220 ; Gibbs and White, 7 V/y/.s. liardcir, 1927, 29, 350, 420, 0(j0, 055. 

^ Kirsch and JVttvrsen, Phil. Mag., 1924, [vi], 47, 500. 

Strong, A/mcr. Chan. J., 1909, 42, 147. 
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QUANTITATIVE SPECTRUM OF VANADIUM. 



Intensitv 


Intensitv 


IntensitA* 

Wavc-lonith. 

and Per- 

AXavc-lenyth. 

and Per- 

Wave-length. 

and Per- 


sistcncy 
of Lino. 


sistcncy 
of Line. 


sistcncy 
of Line. 

263()'7 

U 

2910*4 

icj} 

3267*6 

20x 

2649*4 

5<i) 

2920*4 

Sef) 

3271*1 

20X 

2655-7 

6^ 

2924*6 

sip 

3276*1 

20x 

2663*3 


2941*4 

lOx 

3457*2 

\o<p 

2672*0 


2944*6 

8X 

3517*3 

20x 

2679*3 

4<i 

2952*1 

8^ 

3545*2 

30x 

2683*1 

2X 

2957-5 

6 c/) 

3593*3 

15(P 

2690*8 

H 

2968*4 

10(i 

3709*4 


2702*2 

8X 

2976*5 

H 

3715*5 

20.-/, ' 

2706*7 

2X 

3001*2 

^x 

3727*5 

200 

2714*2 

2</^ 

3003*5 

4(/) 

3732*8 

200 

2715*7 

5x 

3008*6 

56 

3745*8 

200 

2728*6 

^x 

3057*1 


3750*9 

40 

2739*7 


3063*3 

4<P 

3840*8 

20 

2742*4 

2<f> 

3067*1 

ocf) 

3855*8 

30 

2753*4 


3093*1 

loijj 

3863*9 

40 

2775*8 


3102*3 

15^ 

4005*7 

200 

2777*7 

3c/) 

3110*7 

1 oi/j 

4023*4 

20fA ' 

2810*3 

Sej) 

3118*4 

15^ 

4111*8 

200 

2854*4 

5<p 

3130*3 

i 10^ 

4115*2 

(sip 

2869*1 

tuf) 

3133*3 

5(j) 

4128*1 

10(i 

2877*7 

2c/> 

3134*9 

Sef) 

4132*0 

100 

2880*1 


3136*5 

8 c/) 

4379*2 

300 

2888*3 

!(;/:> ! 
4.c/> 

3139*8 

Sef) 

4384.*7 

300 

2889*6 

3142*5 

H 

439()*() 

200 

2891*7 

()(f) 

3183*4 

2X 

4395*2 

150 

2896*3 

4(/) 

3185*4- 

'>X 

4 . l-()()*6 

1 00 

2903*1 

4</> 

31 87*7 

S(jj 

4 1-08*5 

'loip 

2908*8 

■l(h 

3190*7 

\()<p 

l-lf)()*3 

100 

2910*0 

3217*1 

10(/. 

-4 l-()2* t 

100 


Physiological Action.- Vauadiuin compounds arc poisonous when 
l.akcai internally.^ d'hc usual sym])toms arc paralysis, coiwulsions, 
Jowca'inii; ot the body temperature, and teebk^ pulse. Thc‘ iatal dose in 
Ihc ease' of a rabbit is ])et\V(‘cn ()-()()9US and ()*()L l-0() yrani. W'orknusi 
(‘Xi)()S(al to tunK's o(‘ vanadium coni])ounds, especially tliose eni^ayc'd on 
or(‘-r(‘diiel ion plants, are said to be susee])tible to vajiadium poisoniny, 
but this has bc'cn denied.^ Vanadium com])ounds Jia\'e b(a‘n shown 

‘ l^i'icstka', ProC: Pay. Poe., 187o-7(), 24 , 40; Jackson, J^roc. A^iier. Plii/siol. Poe., 
191 1 , 

- Lees, PiKj. (I'nd Min. J ., 1911, 92 , 99. 
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to possess antiseptic action,^ and in suitable form to be useful in 
medicine ; “ they are not, however, at present used in medicine.'^ 

Chemical Properties of Vanadium.— Pure vanadium is stable 
and retains its lustre in dam]) air. On beijig rapidly lieated in a 
stream of oxygen the powdered metal burns, forming vanadium pent- 
oxide, V2O5 ; the reaction is, however, incomplete.'^ At a bright red 
heat the metal combines with nitrogen to form a nitride. In excess of 
chlorine, vanadium burns to form a tetrachloride, VCI4, which is also 
produced by the action of carbonyl, sulphuryl, thion^d, and sulphur 
chlorides at 600"^ C.^ When heated in hydrogen the gas is absorbed.^ 
Vanadium is not attacked by solutions of alkali chlorides, bromine 
water, or cold hydrochloric acid, whether dilute or concentrated. 
Hydrochloric acid gas, however, at 300° to 400° C. gives rise to the 
trichloride, VClg.'^ Vanadium is slowly attacked by hydrofluoric acid 
and by hot, concentrated sulphuric acid. A specimen of vanadium 
which contained 8-GG per cent, of carbon and 1*6 per cent, of other 
impurities, when treated with concentrated sulphuric acid at 330° C., 
gave vanadium pentoxide, V0O5, with evolution of sulphur dioxide. 
At lower tem])eratures the dioxide, VO 2, was formed, but this was 
converted into the pentoxide when the temperature was raised, thus : ® 

(i) 2V-r^HIoS04 - 2VO2 + 4SO2 + 4H0O. 

(ii) 2VO2 + H2SO4— V205 + S02 + Il20.“ 

Vanadium is readily attacked in the cold by dilute nitric acid and by 
concentrated nitric acid or aqua-regia, giving vanadic acid. This latter 
acid is also formed by the action of other oxidising agents on vanadium, 
as, i“or example, chloric acid, perchloric acid, bromic acid, potassium 
iodate. On being fused with sodium carbonate, caustic potash, or 
potassium nitrate, A^anadates of sodium or potassium arc ])roduced. 
Vanadium reduces solutions of mercuric chloride, cu])ric chloride, and 
ferric chloride to mercurous cliloride, cuprous chloride, and Jerrous 
chloride respectively, and precipitates the metal from solutions of gold 
chloride, silver nitrate, platinum chloride, iridium chloride. Carbon 
monoxide attacks vanadium between 500° and 800° C. with the forma- 
tion of a carbide. Glass and porcelain vessels absorb vanadium at 
high temperatures.^ The metal can be rendered passive,'' as in the 
case of iron, by immersion in oxidising agents, e.g. chromic acid, nitric 
acid, or by making the metal the anode in an electrolytic bath of various 
salts. Cathodic treatment reconverts the vanadium to the ‘‘ active " 

^ Witz and Osmond, Bull. Soc. chi-ui., 1880, [ii], 45, 309 ; AVebci', Pliar^jmcttdi^cJLe 
Zeiiunf], 1898, 43, G07. 

“ Larniutli, J. Anal. Physiol., 1877, ii, 251; Oamgee and Larmutli, ibid., 1877, 
II, 235 ; Anon., J. Soc. Ckein,. Ind., 1922, 41, 1373 R ; Fournier, sec A'tucr. Chi-iri. Abs., 
1922, 16, 4283 ; \Wnkler, ibid., 1925, 19, 1601 ; Spiro, Ergebnisse Physiol, 1925, 24 , 474 ; 
P.A. Pal 1007J9G (1927) ; Levaditi and others, Comjd. rend., 1928, 187, 434. 

^ C^imparc Partridge, J . Ind. Eng. Chern., 1929, 21, 40. 

Wuthmann, A'ciss, and Ricdelbaueh, Annalen, 1907, 355, 58. 

^ Clever and Backa, Zcitsch. anorg. Ch.(:‘ni., 1924, 135, iI7. 

Muthmann, AVeiss, and Riedelbaucli, Annalen, 1907, 35Sj 58 ; Frandtl and Manz, 
Zeilsch. anorg. Cheni., 1912, 79, 209 ; Huber, Kirsclifeld, and Sieverts, Btr., 192G, 59, 289. 

' Meyer and Backa, loc. cit. 

® Marino, Zeitsch. anorg. Chern., 1904, 39, 152 ; compare p. 99 el scq. 

^ Koscoe, J. Chfni. Boc., 18/0, 23, 358. 

Muthmann and Frauenberger, Zeitsch. Elehtrochern., 1904, 10, 929 ; Thiel and 
Hammersehmidt, Zeitsch. anorg. Chern., 1924, 132, 15. 
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state. Marino, however, could not effect this change, ^ but this may 
have been due to differences in the purity of the vanadium specimens 
used. 

Atomic Weight of Vanadium. — The early investigations into the 
atomic weight of vanadium provide a very interesting cxam})lc of the 
application of 3Iitscherlicli’s Law of Isomorphism. Berzelius in 1831 - 
obtained the value G8-5 by (a) reducing vanadic acid in hydrogen at a 
red heat, (b) reconverting the reduced oxide to vanadic acid. Berzelius 
assumed in his calculations that the formula for vanadic acid was VO 3. 
In 1868 Roscoe ^ pointed out that the following minerals had been 
shown by Rammelsherg ^ to be isomorphous, but were not at that time 
represented by analogous formulas : 

(i) V anadinite, 3 Pb 3 (V 03 ) 2 .PbClo. 

(ii) Mimetesite, 3 Pb 3 (As 04 ) 2 .PbCl 2 - 

(iii) Pyrojnorphite, 3Pb3(P04)2.PbCl2. 

f the Law of Isomorphism held good in this instance, the formula 
or vanadinite should be similar to those written down for the other 
minerals. The formula for vanadic anhydride should thus be VoO^, 
corresponding to P2O5 and AS2O5 for phosphoric and arsenic anlpvdride 
respectively, and not VO 3 as was supposed by Berzelius. Roscoe was 
able to show that the anhydride was correctly re2)rescntcd as VoO^, 
and that the substance regarded by Berzelius as metallic vanadium 
was in fact an oxide, VO. The formula for vanadinite thus becomes 
3Pb3(V04)2.PbCl2, and the atomic weight of vanadium as originally 
determined becomes 68*5 — 1G*() or 52*5. Even tliis figure is incorrect, 
because the materials employed were not })urc.''‘ 

Roscoe ^ carried out the first reliable determinations of the atomic 
weight of vanadium. He used three mctliods : 

(a) Reduction of vanadium |)entoxidc to vanadium trioxide by 
means of hydrogen. From the ratio Wfh • atomic weight 

of vanadium was found to be .51*382.'^ 

(/;) Vanadium oxytrichloride was treated with silver nitrate solution 
volumctihndly until all tlie (chlorine was removed. From the ratio 
V()Cl3 : 3Ag, the atomic wedght of vanadium was 5U()a5. 

(c) Vanadium oxy trieddoride was treated witli silv(‘r nitrates and the 
precipitated silver cldoride was collt^etcal, dih'd, and weighed. From 
the ratio VOC-l.j : 3Ag(d, tli(‘ atomic weight of vanadium was 51-259. 

No further in\'estigations wwe earih^d out, until 1909, ov(‘r forty 
V(airs later, wlieii Prandtl and Bhver repeatcal Mdhods (u) and (e) o'f 
Roscoe, but, took care- to avoid scnv-ral sources of (‘rror. Mdliod (a) 
ga\'e the; valuci 5!*35(), but t,b(‘ iru’cstigators tbund that tlu^ xnmadium 

^ Miirino, lor,, cit. 

~ Ik'rzcIiiLs, /V/fA .t/o/i'/A//, IS.'ll, 22, 11. 

ItoscxK', ,/. (fhrvi. Sor., iSdS, 21, ; Phil. Tnius., ISOS, 158, I. 

Laninu‘lsl)(-r^, Pogg. Anuuh-n^ iSaf), 98, 211). 

8(‘(‘. also (Iziidriowitz, ISO.S, 120, 17. 

Roscoe, loc. cit. 

I he follovviiiL^ atotiiic wciL!;lil values liavci been usisl in ealeiilal iiiLi; t he atornie, wei^dits 
in tl lis si.'ctioii : - 

Ci 85-.|r>7 ; Ag 107-880; Na L>2-l)lh;. 

\\ here ni-eessary, tlu; atomic u-eighf.s haa’e hei.ii I'ecialeulated from t-lu- original exjieri- 
inmital data, using tlu; ahova; valu(*s. 

^ Ri-andtl and Rleyer, Zi it.srh. anonj. Chem., 11)09, 65, 152 ; 1910, 67, 257. 
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trioxide obtained on reduction took up oxygen again so readily that 
its weight cordd not be obtained with certainty. The value obtained 
was thererore too high. Method (e) gave the value 5I-()7-l, 

In 1914 Briscoe and Little ^ again analysed vanadium oxytriehloridc, 
using iMetliods (b) and (c). The ratio VOCI3 : 3Ag was studied in detail 
and gave an atomic weight ol 5()-950 ; two measurements of the ratio 
V 0 C 13 : 8AgC4 gave an atomic weight of 50-952. The investigators 
state, in reviewing the j^ossible sources of error, that the figures are likely 
to prove a trifle low. Hence the atomic weight of vanadium lies 
between 50*95 and 50-96, and the higher number is most probably the 
more correct. This value is in good agreement with a determination 
carried out in 1910 by McAdam,- who employed a totally different 
reaction. A known Aveight of anhydrous sodium metavanadate Avas 
heated in a stream of hydrogen chloride gas and chlorine ; the residual 
sodium chloride Avas fused and Aveighed. From the ratio XaV 03 : NaCl 
an atomic Aveight of 50-9C0 Avas obtained. 

The Anlues for the atomic weight of vanadium as determined by 
A^arious iiwestigators since 1863 are summarised in the folloAving table : — 


ATOMIC WEIGHT OF VANADIUM. 


Autliority. 

Date. 

i Eatio Determined. 

No. of 
Determina- 
tions. 

Atomic 
Weiglit of 
Vanadium. 

Roscoe 

1868 

j Yp , : V,n 3 

4 

51-382 



1 VOClsrSAg 

9 

51-055 



VOCI 3 : 3 AgCl 

8 

51-259 

Prandtl and Ble\mr , 

1909 

V 0 O 3 : 

4 

51-356 



VOCI 3 : 3AgCl 

9 

51-074 

McAdam 

1910 

NaVO, : NaCl 

5 

50-960 

Briscoe and Little 

1914 

VOCI 3 : 3 Ag 

9 

50-950 



1 VOCI 3 : SAgCl 

2 

50-952 ' 


The Inter naiioial Committee on Atomic V/eighis adopted tlie Amine 
51-0 in 1911. This was altered to 50-96 in 1925 and to 50*95 in 1929.^ 
The atomic number of vanadium is 23, Examination by the method 
of mass-spectra has shoAvn tliat vanadium has no isotopes.^ 

Uses of Vanadium, (a) Vanadiu)n Steels . — By far the largest 
projmrtion of the Avorld's production of Amnadium is absorbed in the 
production of ferro vanadium alloy for the manufacture of vanadium 
steels, Avliich usually contain up to 0-3 per cent, of Amnadium. The 
clTect of the addition of Amnadium to a steel is to increase its tensile 
strength enormously, also its hardness, and its resistance to sliock and 
fatigue.*' A good carbon steel containing about 1*10 per cent, of carbon 
has an elastic limit of about 30 tons per scpiare inch and an ultimate 

^ Briscoe and Little, J. Clievi. See., 1914, 105, 1310. 

“ McAdam, J. Arner. Che/m. Soc., 1910, 32, 1003. ^ J. Chem. Soc., 1911, 99, 1807. 

^ Ibid., 1925, 127, 913 ; 1929, 21S. Aston, Phil. Mag., 1924, 47, 3S5. 

(iiuillct, J. Iron Sled Inst., 1905, 68, IIS; Me William and Barnes, ibid., 1911, 
83, 294 ; 1915, 91, 125 ; Bortevin, Carnegie Scholarship Memoirs, Iron and Steal Instiiute, 
1909, I, 230. 
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stress of about 60 tons per square inch. Addition of 0*3 ]3er cent, of 
vanadium to such a steel raises tlie elastic limit to 43 tons and the 
maximum stress to 70 tons per square inch, wliilc addition of ()*6 per 
cent, of vanadium gives an elastic limit of 65 tons and a maximum 
stress of 85 tons ])cr square inch.^ Similar improvement in physical 
properties takes place vith the incorporation of small quantities of van- 
adi um into cast iron.^ Vanadium steels are admirably suited to situations 
where they arc subject to varying stresses and vibrations. They are 
used in the construction of transmission shafts, ])iston rods, axles, bolts, 
gears, motor-car parts, aeroplane parts, and in tools for punching, shear- 
ing, and drawing. The coclhcients of thermal ex]:)ansion of vanadium 
steels are given by Souder and llidnert.^ 

It is found that the use of vanadium up to about 1 ]oer cent, with 
tungsten and molybdenum in the manufacture of high-speed tools 
again exerts a favourable inlluence by imparting increased cutting 
eiliciency under heavy w'orking conditions. The presence of a small 
proportion of vanadium reduces tlic quantity of tungsten or mohT- 
denum required to impart to the steel definite hardness and toughness. 
Used in conjunction with other alloying metals, e.g. in nickel steels, 
cobalt steels, chromium steels, and nickel-chromium steels, it ])roduccs 
ecpially usc'ful r(‘sults.‘^ These special steels closely resemble the chrome- 
nickd steals, b\il have: the advantage of greater freedom from surface 
imj)(‘rr(‘C.tioiis. They are (inployed mainly in automobile construction. 
S()m(‘ chromium-vanadium steel w'hich has high resistance im])arted l)y 
luirl IrdituKiit is useal for armour })late of medium thickness, gun 
shields, gun lube's, loi’pe'ele) tube's, eLc. Tlu' use e)f vanaelium steel for 
I he' manul’ae'l lire' e)f Ilrine'll i)alls has re'e'e'nlly be'e'U sugge'steel.-'’^ 

The rune'tion e)f \anaelium in ste-cl appears te) be twe)fold : [a) It 

ae'ls as a '' se'aM'nge'r," re'me)ving t.rae*es e)l‘ oxygen anel nitre)gen, and 
[h) it ('I’lVe'ls a more* iiome)ge'ne'e)Us elist ribut ion oi' e*arbe)n thre)ughout 
the' mass. Tiie* winaelium elisphice's the* iron I'rom the' imn carbide, 
h(' A\ in I he* ste*(*l, producing \'anaeliurn ('arbiele, V^U.j, which eloes ne)t 
scare-gab' as re-adily as ce-me-nl i t e* or pe'arlile*, with the' e*.e)nsee{ue*nce that 
the e-arbon is more' ('M-nlv eiisl ribut e-el t hroughe)ut. the' mass anel a, line- 
('raiiu'd sti-uclur(' results. In the' case* of e-ast iron, vanaelium alse) 
assists the rete-ntion ni' tin* e-arbon in the ('ombiiu'ei I'orm." 

\’ana(iiuni linds applie*at ion to a liniite-el e-xte-nt. in the: rnanuracture 
of non ierroiis aiIo\s. 'the int roelue*t ion of the* nu-lal up te) about 0-5 
per e-eiit. into brasses whie-h contain tVom (>() to 70 j)e'r e*e*nt.. e)l‘ e:e)pj)e'r 
jind 30 to )() [)er et-ni. of /.ine is state-d to inere-ase* the* maxinuim slre-ss 
and ('longa t ion/' (‘oppe‘r-\ anadium anel aluinini uni-vanaeli uni alleiys 

^ .\rn- >1(1. •/. I ! nn .'^l- > i ///'/, 1 !( I 91 , 112; Simt h, ./. Xnr. ('h<nt. //e/., llOl , 20 , 1182. 

Xit.Mi , 0 / O/w //-, 2 l)I. 

■' S'liKh-i .ina IlidJi'it, {luiifnit Hu n <i n of Sta udm (!■■:, I’ajX'rs, 1 62 1 , No, 422 ; 

, .il n M.uiici .itid S< ialiui-a Stiihl und 162.2. .jS, 1166. 

^ (iiall'l./. ! ! St, ‘ ! i u ( , 1 iMU). 70 , 7 1 ; M cW illi.nn a ni 1 lor. n't ; Porle'viii, 

, li ; McAdaii;, e '//. //;. Mil. l.u'j , 1621,25. InSl ; Hior. .!///</•. Sor. for 'f'esti III} M (ill 
11 ) 22 , .)() ; 1621. 272,6/ 1 ; 'I'luu-. Anot So,-, for Sh 1 I 'ri>ntinii, 1621, 6 , 1^62; 162.2, 7 , 21, 
717 . 7 sl ; Oiliai aiai M.k'L, /‘a-/-. .!///>/. Sar fi>/ 'I’l -^ti/o} .\I (ih / in Is, 1621,476, 606, 760. 
igt,. 1, .iii'l .Olid. in, Tiui l//'r/. Sni\ Jo/ Shi! I hiiIi/kj, 1627, 12 , 2. 

\iii,,ld .itid i.Ord, d. hoi' St’il 1 11 t , 1612, 85 . 212 ; ( d-()N;unanri and gain, 

162 1, III), 2)12 ; c niij/a!'' Maan-r, Stofil und 1622, 45 , 1626. 

• 1 )<.t;.d>i, . .It. ./. I .■ on > !■ > ! I n ■ ( ., 1618,98,467; 1 1 a t licid, daV/. , 1 6 1 1 , 83 , .2 1 S, 

' Mcrii:, I’ /tii'LLr In 6 , 1611, 171 , 7)61 ; tut f<.iii{)arr buiin and Hud.sun, J. 1 rnt. 
, 161 I, II, 1.72: ( lari,, ./. Sor. ('in in. I mi., .In--., 1612, 34 , 1067. 
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are used in aeroplane eonstruction ; an aluniiniuni-manganese-vanadium 
alloy is used for castings, and a copper-vanadium bronze is used in 
marine workd Addition of vanadium also improves the tensile strengtli 
and the elastic liinil: of co])pcr-aluminium bronzes and of co])pcr-zinc- 
aluminium bronzes, but not beyond the amount due to its deoxidising 
proi)erties. 

(b) VanadiiD'ii Vanadium comjoounds function as ex- 

tremely efiieient catalysts in various oxidative reactions of technical 
im])ortance. They are used in the oxidation of aniline to aniline-black, “ 
oi' ]iaphthalenc to ]dithalic anhydride,^ of anthracene to anthraquinone, 
of benzene to maleic acidd of toluene to benzaldehyde and ])enzoic 
acid, as v'ell as in the conversion of acetylene into acetaldehyded 
Among important inorganic processes in which vanadium catalysts are 
einplo\xxl are the oxidation of ammonia to nitric acid^ and of sulphur 
dioxide to sulphur trioxide.” To prepare the catalyst for these opera- 
tiojis, pure alumina, or other inert, porous material of the type of ])umice 
or kieselguhr, may be mixed with about 10 per cent, of ammonium 
metavanadatc or other vanadium salt and compressed into briquettes, 
which arc then strongly heated ; the vanadate decomposes and leaves 
a porous block impregnated with finely divided vanadium 2 :)entoxide.® 
Alternatively, ferric chloride, or a soluble salt of another metal, is 
added to a solution of ammonium metavanadate which has been acidi- 
fied with hydrochloric acid ; the precipitated vanadate is washed, dried, 
and gently ignited.^ Recently, complex vanadium silicates have been 
introduced, ])articularly to replace platinum in the contact process for 
tlie manufacture of sulphuric acid. It is claimed for them that they 
are closely parallel to the best platinum catalysts with res])ect to 
optimum temperature, conversion equilibrium, and activity, and have 
the advantages of being clieaper and of not becoming ])oisoncd by 
arsenic or hydrochloric acid,^^ In tlie laboratory the vanadium catalyst 
can be prc])arcd by soaking asbestos fibre in a dilute solution of vanadyl 
sulphate, VOSO^, which is obtained by reducing a boiling solution of 
ammonium vanadate with sulphur dioxide at 40” to 50° C. ; the 
solution is made alkaline with ammonia and eva])orated almost to 
dryness ; the fibre is then dried and heated to about 500° C. to decompose 
ammonium salts. 

Vanadium salts have also been found to be effective as catalysts 
in various electrolytic oxidation and reduction processes; for cxam])lc 
in the pre]:)aration of hy]:)Ochloritcs,^“ the reduction of ])olyni tro-a.roinatie 
com])ounds,^^ and in the sulphonation of aromatic com])ounds.^^ On 

' >Sc;e Avicr. Chcvi. Aba., 1921, 15, .3003. 

- (Oivard, B>dl. Soc. Chim., 1870, [iij, 25, 58, 351. 

- (iibbs, J. Jrul. JAicj. Ckem.., 1919, li, 1031. 

* W'ci.ss aiul Downs, ibid., 1920, I2, 228. 

Sch; CIk'.iii.. Trade J., 1922, 71 , dl 8 ; Bug. Pal. 238033 (192^) ; Maxtod, . Tor. Cltchi. 
Tnd., 1928, 47 , 101. 

-Veiiin.Lim and Lose, ZeiUrh. angc.w. Ch.eiii., 1920, 33, 41, do, 51. 

" Miles, M ariujacture of Aulphuric Arid {Co/ilurt J^roerss), vol. iv. (London, ] 925). ]). 1 20. 

^ Dyson, Cdurni. Age, Metallunrical Section, 1926, 14, 33 ; P.A. Pal. 15LS0d3 (1925). 

JAig. Pat. 15174 (1913). 

Xickell, Chem. Alet. Eng., 192S, 35, 153. 

ti’reinov and Losenberg, J. Rva.a. Phys. Clian. Aoc., 1927, 59, 701. 

Luther, Zeitsch. PAektrochem., 1907, 13, 437 ; Allinand, Applied Ehcirocliertiialry 
(London, 192-J), ]). 370. 

Jtol'or and Jacob, Btr., 190S, 41, 3187. 


Meyer, Annalen, 1923, 438, 327. 
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being incorporated into a drying oil in the form of a rosinate or linoleate, 
vanadium accelerates oxidation of the oil even more efllciently than 
lead or manganese, wliich are commonly used for the purpose, but not 
so elHciently as cobalt. The oxidised film is smooth and tough. ^ 
Vanadium cannot, however, be incorporated into oils to be used for 
white paints, as the film possesses a brown colour.- 

(c) Various Uses, — On being fired at a red heat with pottery or 
glass, vanadium compounds impart a fine gold colour with a greenish- 
tinge. Vanadium chlorides and other vanadium compounds are used 
witii potassium ferricyanide in toning bromide prints ; the green colour 
which is produced is attributed to the deposition of yellowish-green 
vanadium ferrocyanide together with Prussian blue.^ A solution of 
vanadium pentoxide in sulphuric acid is used under the name of 
MandeliU s Reagent in testing for the presence of various alkaloids. 

Vanadium Alloys. — ^ Vanadium alloys readily with many metals, 
including aluminium, cobalt, copper, iron, manganese, molybdenum, 
nickel, platinum, and tin, also with silicon. These alloys have hitherto 
received scant attention, and little is known in most cases of the systems 
produced. 

Aluminium appears to alloy with vanadium in all proportions. 
The alloys can be prepared by melting aluminium in a crucible and 
igniting a mixture of vanadium pentoxide on the top, or by reducing a 
mixture of aluminium, alumina, and vanadium pentoxide, with acldi- 
tioii of cryolite and fluorspar, in the electric furnace.-^ They can also 
be produced by reducing vanadium pentoxide with carbon in the 
electric furnace in the presence of aluminium, but the product then 
contains appreciable quantities of carbide. Vanadium-aluminium 
alloys containing from 30 to 80 per cent, of vanadium have been 
obtained by the first-mentioned processes ; fusion of these with alu- 
minium gives products of lower vanadium content. By the regulated 
action of acids on these alloys crystals having the composition AI3V 
and AIV have been isolated, and the existence of a third com2:)Ound, 
AlVg, has been suggested.^ The mechanical properties of vanadium- 
aluminium alloys have not been fully studied, but it has been shown 
that 2 jDcr cent, of vanadium in aluminium results in substantial increase 
in the strength and hardness of the rolled and annealed metal. The 
elongation of the annealed alloy falls, but even with 4 per cent, 
vanadium it is suhicicntly high for most purposes.^ 

Aluminiuni-Silicon. — Vanadium possesses the property in common 
with a large number of other metals of forming complex alloys with 
aluminium and silicon.'^ Several of these vanadium-aluminium- 
silicides, each possessing different crystalline form, have been obtained 

^ PJiodes and Clien, J. hid.. Eng. Cheiih., 1922, 14 , 222 ; compare Farhcn- 

Zc.itung, 1927, 32 , 2077. 

- Swcliten, Farben-Ztilwruj, 1927, 32 , 1 l‘JS ; (Jardmo’, hahit Manufactvrcr.s'' yj.wor. 
of fJ.S., Circular 149 (1922). 

EJiotogra'jiliy, Its Princigihi o/ud hracticc, XeLl(‘ltc, p. 4 70 ((diapnian & Hall, 
London), 1927. 

^ Clark, J. 80 c. Chem. hid., .-ILv., 1915, 34 , 1097; Czako, Compi. rend., 191.3, 156 , 
140 ; Monograph, on Vanadiwui Ores, imperial Institute, LtJiiclon, 1924, p. 9 ; Moissan, 
Couipt. fend., 1890, 122 , 1297. 

Matignon and Monnet, Conipt. rend., 1902, 134 , 542 ; Czako, lor. elf. 

^ Seliirineistcr, Etahl and EUtn, 1915, 25 , 050 ; Iveoncy, Mineral I iida.siry, 1917, 720. 

’ Vigouroux, Conipt. rend., 1905, 141 , 951. 
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by fusing togctJicr potassium silicofluoricic, aluminium, and ammonium 
meta\amadatc in varying proportions. One of the products formed in 
the presence of a large excess of silicon has the composition V3Al2Sij3.^ 
It yields hexagonal, prismatic needles of density 4-3 and hardness 5. 
It is a remarkably stable compound, being unattacked by boiling con- 
centrated hydrochloric acid, sulphuric acid, nitric acid, aqua-regia, 
or fused ])otassium chlorate. It reacts, however, with fused alkalis 
and with hydrofluoric acid to give, in the absence of air, a solution 
of hypovanadous fluoride, VFg, which rapidly oxidises to vanadous 
fluoride, VF3. 

Compounds of vanadium and silicon are described on p. 107. 

Copper. — Alloys of copper and vanadium are prepared by firing 
a mixture of vanadium pentoxide, copper oxide, aluminium shot, lime, 
soda-ash, and fluorspar with the aid of sodium peroxide in a magnesia- 
lined crucible. “ Electrolytic methods have also been employed, and are 
applicable for the preparation of other vanadium alloys.^ An alloy 
containing 3-3S per cent, of vanadium and 06*52 per cent, of copper 
was found to be harder than copper and could be drawn into wire. 
An alumiiiium-copper-vanadium alloy has been prepared.'^ 

Iron . — The industrial preparation and uses of iron-vanadium alloys 
have already been described (see pp. 14 and 25). A laboratory 
method of preparation consists in passing a mixture of hydrogen and 
vanadium tetrachloride vapour over iron at 900° C.^ Alloys of iron 
and vanadium which contained varying quantities of carbon were 
prepared by Moissan.^ The freezing-point curve for alloys of iron and 
vanadium falls from the melting-point of iron (1530° C.) to a minimum 
at 32 per cent, of vanadium, and then rises to the melting-point of 
vanadium (1750° C.).'^ As the alloys arc homogCTicous the metals 
form a com])lete scries of mixed cin-’^stals. A commercially useful alloy 
containing about 30 per cent, of vanadium is hard but not brittle, and 
is diflicult to pulverise ; its spcciflc gravity is about 7*3 and its melting- 
point lies between 1340° and 1400° C. The presence of silicon in the 
alloy increases its hardness and brittleness. The temper-colours of 
iron-vanadium alloys have been studied by Tammami aiid Siebel.^ 

Mercury. -The solubility of vanadium in mercury is too small for 

measurement.'^ 

Nickel . — Vanadium and nickel arc miscible in all pro])ortions in 
the liquid state up to 36 per cent, vanadium. The solid alloys, which 
contain up to 20 per cent, vanadium, a]:)pcar to be homogeneous, but 
those richer in vanadium consist of two kinds of crystals. These alloys 
arc made by reducing a mixture of vanadium pentoxide and nickel 
oxide. 

Silver . — Vanadium docs not alloy with silver.^- 

1 Manchot and Fischer, Annalc.ii, 1907, 357, 129. 

“ Keeney, loc. clt. ^ Gin, Ckcui. Acejs, 1903, 88, 38. 

Heluuis, .Reeve dc Mctalluigie, 1905, 2, 5SS. 

Parravo and .Mazzxdli, Rcc. Trav. chivi., 1923, 42, 821. 

iMoissan, loc. clt. 

■ and I’annnann, Zce’Gc/n Cham.., 1908,58, 73; van Licm])t, liar.. Trav. 

rt/en 192(3, 45, 203. 

Vatinnaiin aiid Siebel, Zeitsch. avorg. Cham., 1925, 148, 297. 

Tammann and .Hinmdjer, ibid., 1927, 160, 249. 

(uebelhansen, R>id., 1915, 91, 251. 

Heri'cnschmidt. Comvt. rend.. 1904, ISQ, 635. 
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COMPOUNDS OF VANADIUM. 

General Properties of Vanadillai Compounds. ^ 

Till: (•onipouucls of vanadium arc numerous and to some extent 
conipHeatcd ; this is due to the variable valency of the element. It 
forms a series of oxides : VO, VOo, V0O5, and althou^rh the oxide 

V0O7 has not hitherto been isolated, derived from it arc 

AvelT ddined. A monoxide having* the formula V2O has also been 
reporled, })ut its existen(‘e is doubtful; compounds containing mono- 
valent vanadium are. unknown. As is usual in the case of any one 
elcnmnit, tlie acidity of tlu^ oxide incriaiscs with increasing oxygen 
content, and basic pro])er{.i(‘S gradually become less marked. 

liypovanadous Oxide, \’(), was originally mistaken by Perzelius 
for ilu‘ element . As in tlu^ easc^ ol‘ uranium it is dillicult to scjiarate 
\’anadium From tlu' last laanaining oxygcai atom, and this oxide is 
I’ound to (‘liter as the* \'anadyl radical into a larg(' numlx'r of e.omjiounds. 
II ij jxn'anddous sails can b(‘ isolati'd in th(‘ pur(‘ states only with dilliciilty 
beeaiis(‘ of the ri'adiiu'ss with which ttu‘y und(‘rgo oxidation ; they are 
amoiiR t lu' most powrrtul inorganii* reducing agiads known, and freipiently 
c\'()l\‘c liydrogi'ii From aipieous or acid solution, ddu'y an* h(‘st, prepared 
})\' <‘lcel rol\’l ie reduction in an im'ii at mosj)h(‘r(‘ oF m()r(‘ highly oxidised 
compounds. Th(‘\' arc* isoinorphous with magn(‘siiiiu salts and with 
Hu' (lixalcnt salts oFiron, chroimmm and mangamssix Double sal phdtcs 
of the type \'S() j. ) ^.7 H ..<) and \'S( ) j. K I ./) ar(‘ known, as 

well as a rnaipb’! cijanhlt', K /[ \ (( N ).J.E>n 

Vanadous Oxide, \ d).,, is almost insolubh' in acids, but salts 
(•out ainine’ trix'alciil \anadium «*aii hr prcpar(‘d by ri'ducing t lu‘ t(‘l ra.- 
or })cii(a \alcnt compounds. Ibnanlous sails ar(‘ also strong rcdiuhig 
accnls. !’(nia(l(/us irh-lilnriiie. X’Ch- For instance. pr(‘ci pi I at cs nietallie 
sikcr From a solution of a sil\or salt, the charg(‘ on the Ag' ion heiiig 
[aken up by !c ’ ion. X’anadous salts ar(‘ (‘omj)arabl(‘ in tli('ir 
general bchaxiour with tnxalent iia)n. aluminium, and chromium salts ; 
thc\- Foi’in alaais with t'le alkali sulphates, e.g. \’ o(S( ) j );;• ( I j ).h().j. 
UMll.H.as well as ilmihlf oitilaltw ol‘ tlH‘ t>p<‘ 'K M T J A'd 
(Ill .,t ). d'h<‘ t ri \ ak-n 1 \ aiiadi um mn. as in the case of the Ferric ion, 

Pc“g lias a stroll" t(iid<nc\ to produc<* complex ions, and hcne(‘ tlic 
c \ i s 1 ri lee oF ^ueh ei lU i f u »U lids as / // .V/ 'Stl )! ad I (Ijil ill tl (\ K ..| \ ( ( ' N ), J. 

H\ posanad ie OxiiUg \d) is amphoteric, and dissoKcs both in 
alkalis and acids. In pm-sim- iVom tnxahnl to tfdraxalent xanadiiini, 
howexor. the basic (diaraelci- of the oxide l)e<*omcs less pronouiiei'd and 
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weakly acid pro]3crties become manil’cst. The corresponding liydroxidc, 
lias not been dePinitely isolated ; it appears to be too weakly 
basic to form salts by the replacement of the four hydroxyl groups by 
acid radicals, and tlie salts produced possess the general formula VOXo. 
Exam]:)les arc vanadyl sulplujfe, VOSO^, and vanadyl dichloride, VOClo, 
in which two hydroxyl groups only have undergone replacement. 
Vanadium tetr a fluoride, VF.^, and vanadium tetracldoride, VCI4, however, 
are known. Considerable numbers of double vanadyl salts are also 
known. When solutions of hypovanadic oxide in hot alkalis are cooled, 
salts which contain the vanadium in the anion arc obtained. These are 
called hypovanadaies or vanadites, and are probably derived from an 
acid having the conpmsition tVOo.IloO or n2V40j). Hypovanadic oxide 
appears to be too weakly basic to give rise to salts without previously 
undergoing condensation, then giving salts of the type R^O.^rVOo. 

Vanadic Oxide or vanadium 2 ^c}itoxide gives rise to the vanadates, 
the most numerous and important class of vanadium compounds. All 
vanadium compounds in a lower stage of oxidation have a tendency 
on being warmed to ])ceome converted into vanadates or derivatives 
of A'anadates. Vanadium ])entoxide hence is strongly acidic, but the 
basic cliaractcr exhibited by the lower oxides is not completely lost, 
since tlic pentoxidc dissolves in strong acids to give rise to salts, sucli 
as. Cor example, V.2O5.2SO3. These salts, however, are not very well 
defined or stable, and readily undergo b\^drolysis to give rise to com- 
pounds whach contain ti\e trivalent radical | VO]“*, c.g. vanadium oivy- 
tricldoride, VOCl-j, or the monovalent radical [VOo]*, for example, 
ammonium vaiiadium dioxy fluoride, 3XH4F.VO2F. The pcntavalent ion 

V appears to be inca])ablc of free existence, since no ])enta valent 

compounds arc known, excepting those Avitli oxygen and sulidiur, in 
which all the five valencies arc saturated with negative elements or 
gr()U])s. As in the case of the lower oxide, VOo, vanadium ])entoxidc has a 
strong tendency to ibrm condensed poly-acids which gi\’e rise to salts of 
tlic type RoO.j’Vo^g- respect vanadium ]X)ntoxide is analogous 

with other weak ac'ids which arc 1‘ormed i'rom metallic, elcanents ; (;om- 
])are. for instance, tungstic acid ^ and chromic aeid,“ se\'eral molecules of 
which frecpieiitly combine with one molecule of a base to ibrm a salt. 
Tlic chromates and vanadates are in fact so comparable in their general 
behaviour that the formula VO;, Avas at one time assigned to vanadium 
pentoxidc in harmony Avith CrO.^ for chromic anhydride. Vanadium 
])('ntoxide has the further well-pronounced ])ropcrty of combining Avith 
other acid oxides to form I/etcro 2 )()ly-acids. The most common acid 
oxides arc ])hos])horus jmntoxide, arsenic pentoxidc, molybdenum tri- 
oxide, tungsten trioxidc, silica. The betcro})oly-acids yield Avell-delined, 
crystal lisa hie salts with basic oxides. 

Heats of Formation of the Oxides of Vanadium. — The dilliculty 
that is experienced in reducing any of the oxides of vanadium to the 
metal is attributed ])artia,lly to their A'cry strongly exothermic', nature. 
Rult and Friedrich obtained the IblloAving figures from combustions 
earric'd out in a liomb ealori meter : — 

(i) 2V-:-5(f0o)-Vo03-:- 1 : 37,000 i- 7,000 calories. 

(ii) 2V-h:3(i02)- VoO:j -r302.000_:jU),000 

i' Sc‘7Uiis s^s, VoL \7 J., Pari III. (l‘J2G), p. 208. 

- I hid., [). 44. 
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Previous determinations of the heat of formation of tlie pentoxide gave 
813,030 calories ^ and 250,315 calories.- 

Mixter ^ investigated the thermal changes that ensue wlaeii the 
lower oxides are converted into the pentoxide, and from these data 
calculated the following : — 

(i) 2V-f-5(iOo)— V2O5 +-141 ,000 calorics. 

(ii) 2V + 2do =2V02-r 4-12,800 

(iii) 2V+3(J-0.)) —V9O3 -[-353,200 ,, 

(iv) 2y-f-Oo“ =2VO -1-208,600 

The last figure is in fair agreement with an indirect dctcrini nation 
effected by Slade and Higson,^ who obtained 

2V-f 02=-2VO-!-222,000 calorics. 

It is of interest to note that, connneneing with vanadium ]:)cntoxidc, 
the amounts of lieat absorbed in the successive formation of tl\c next 
lovxT oxide rapidly increase as the metal is reached. The heat changes 
in the following equations liavc been calculated from Mixter’s figures, 
given above : 

(i) V2O5 — ■|02-™V20,j— 28,200 calorics. 

(ii) V2O4-.IO2--V0O3- 50AU)0 

(hi) V0O3--IO2--2VO -144,600 
(iv) 2VO -O2 ^--2V — 208,600 

The lieats of formation of a few otlier oxides arc lierc inserted for 
the sake of comparison : 

(i) 2? ■! 5(U)2)---P2^)r> i 365.300 (‘alories. 

(ii) 2Fe-l-3(i02)- Fe.Oa ! 105,600 

(iii) 2Cr-l-3(K)2) T’rAl^ • 267,000 

(iv) 2A1!- 3(102) Al.plj ■[•302, 600 

Tlu^ eomparal i\'(*ly liigh lu‘at ol‘ formation ol' vanadium pentoxide 
and the tendency of aluminium to alloy with nu^tallie. \-ana(lium explain 
tli(‘ non-sueeess of th(‘ application ot' lh(‘ lli(‘rmi((‘ proec'ss {'or the pro- 
duelioii of ])ur(‘ vanadium from tlu‘ jicmtoxidc' and from \ a,nadates. 

Th(‘ table* on t he* lU'xt. page* siimmarise's 1 he* \’arious t.yjx's of \uuiaeliuni 
eeunjiouncls kimwn. 

Vdiuidijl sdUs are* salts e)f tet ra\’ale‘nt. x'anadium, and eeintain the 
di\'al(Mit l\d)|-- radical. Maipy \'anadium ee)mp()unels are* kne)wn wh.ieli 
appe'ar te) e*e)ntain a [\()| group, but. the* Numaelium is e*ithe*r tri\’ale‘nt 
or pc'ut a \'ale'nt . Throughout, this b(;ok the* t(‘rm iY/zn/e//// is re*st rie*t e*d 
te) ee)mpe)unels e)f t e‘t ra\'ale*nt. vanadium, that is, te) salts e)f the* e)xiele* VO^- 
ne*ne*e*, for e*xample‘, the* e*om})ound \T)('l.j, \\hie*h e*ontains pe'iit a vale*n t 
\’anaelium, is ealleel vdiuid'nnd ()j'jffri(dd(jrid(\ and not- by the* mein* usual 
but. le*ss logie*al name* \'anadyl eJiloride*.” 

('olours of d iiddi d))i Salts.'' As is usual with salts e)f me't.als whie*h 
e'xhibit. x'ariable* \ede*ne*y, tiiose* of \'anaelium are* e*e)loure‘et in solution. 
Ihie* (*olour \arie*.s with the* \-ale‘ney ; salts of \ uO.-, are* ye‘lle)\v, the)se of 

' Muthmanii, Weiss, and Itiedelhaiieh, .{n/Kihn. lUoT, 355 ’ 

" Uni] and Ma'iin, Zi it-'^cii . ainji tr. C/n >/i.. 1*312, 25 , - 11 ). 

•’ .Mi \t(‘r, .1 }//(■>. ./. Sri., 1!)12, [ivj, 34 , Ml. 

' Slade* and Ilieson, ./. ('/i> nr. Sor., iUlU, IIS. 20.“). 
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AOo are blue, those of V0O3 are green, and those of VO are lavender 
(see table). Remarkable colour changes can be observed by diluting 
considerably the reddish solution obtained by dissolving the pentoxide, 
V2O5, in hydrocliloric or sulphuric acid and then adding metallic zinc. 
Under the inllueuce of the nascent hydrogen produced the solution 
passes through all shades of blue and green, and finally assumes a 
lavender tint. The same effect can be produced by electrolytic reduc- 
tion of the hydrochloric acid solution.^ These characteristic colours 
cannot delinitcly be attributed to the existence of penta-, tetra-, tri-, 
and di-^^alent vanadium cations, since, as has been indicated, the 
various vanadium salts readily undergo hydrolysis in contact vith water 
to give rise most probably to the following cations : [VO]"' or [VO 2]’ 
from [\ 0 ]" from V^U and [VO]‘ from V^^^. These oxygenated 
radicals cannot be without influence on the different colours observed.^ 


VANADIUM COMPOUNDS. 



Colour of 



Oxide. 

Nature. Name of Salts. Salts in 

Aqueous 

Examples. 

Probable Ions 
in Solution. 


Solution. 



VO 

Basic Hypovaiiadous salts Lavender 

VCb; VS0,.7H.>0 

V 

\h()3- 

Basic Va.nadous salts . Green 

VCI 3 ; VOCl 

V-, [VO]- 

VO. 1 

f Basic Ilypovanadic salts I Blue 

1 and i\i\d vanadyl salts, f 

VCb; VOSO 4 

V-, [VO]" 

W'cakly acidic 11 ypovanadates or Black to 

Na,V,0c).41U0 

[V<,0.]" 

1 

[ vanadites. brown. 




( Weakly basic Vanadic salts . Yellow to 

Viq ; VOE 3 ; VO.F 

V , [VO]-, 

V.Oe 

and red. 

Acidic Vanadates [ortho-, Mirious 

Na.jVO.t ; 1 ' 

[VO.]- 

[VO,]'", [V„0,]"", 

1 

[ pyro-, oiicta-). 

NaVO.,. 

[V0„]'or[V„0,]'" 

(V, 0 :) = 

Acidic ■ Per ranadates [ortho-, Y(dl()wish- 

NHUUt; NH,H,>V.,0.,; 

[VO,.]', [V„0,]"", 

pyro-, meta-). orange. 

2(NHP3V0,.r)H.>(3. 

[V0„]' 


Caiahjlic jicUvity of Vcuiadiwm Compounds. The tcclurical ap])li- 

cation of vanadium com])ounds as catalysts has already been referred 
to (sec p. 27 ). Several reactions, the velocities of Avhich are affected 
by the presence of vanadium salts, have been quantitatively investi- 
gated.-^ It appears to be established that the compounds employed 
usually function as oxygen ccirHcrs, and that their effect dc])cnds, 
therefore, on the ease with which they undergo oxidation and reduction. 
To give two instances; {a) The reduction of chloric acid, IICIO3, by 
hydriodic acid, III, is accelerated by the addition of a vanadous salt, 
because chloric acid is much more rapidly reduced by a vanadous salt 
than by hydriodic acid ; on the other hand, the reduction of pcrsulphuric 
acid, lIoSoOs, with III is not appreciably affected by addition of a 
vanadous salt, because the last named reduces persulphuric acid but 
slowly, {b) Vanadium pentoxide accelerates the oxidation of sucrose 
to oxidic acid by nitric acid, that of ethyl alcohol to acetaldehyde and 

1 Pisclicr, Trans. Amtr. EUclrocliem. Soc., 1016, 30 , 175. 

“ JSomeya, Zeilsch. anorg. Chem., 1927, 161 , 46. 

Ostwhd, Zeitsch. gihysikal. Chem., 1888, 2 , 127. 

* Not hitherto isolated. 
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acetic acid by air, that of potassium iodide to iodine by hydrogen 
peroxide, and that of stannous salts hv nitric acid. In these reactions 
the vanadium pentoxidc gives up its oxygen to the oxidisable substance, 
being itself reformed at the expense of the oxidising agent. ^ 

In some eases, however, the modus ojjerandi is modified. In the 
oxidation of hydriodic acid with chromic acid, the data indicate that 
while liberation of iodine takes place, the vanadous or hypovanadic 
salt employed as the catalyst also undergoes oxidation to vanadate.^ 
The vanadium compound here belongs to tlie class of catalysts known 
as inductors, and the reaction is comparable to the oxidation in 
aqueous solution of sodium sulphite with sodium arsenite, whereby both 
sodium sulphate and sodium arsenate are 2)roduced. 

More recently the conversion of benzene into maleic acid in the 
presence of vanadium oxides as catalysts has been studied with a view 
to throwing light on the mechanism of such oxidations. The data 
obtained seem to show that the action depends on an “ oscillation 
between the two oxides V2O5 and V2O4, the dissociation of the former 
supplying activated oxygen for the reaction ; but it is also shown that 
the nature of the products of the oxidation is a function of some other 
pro])crty of tlic catalyst not yet clearly understood.^ 

The presence of a vanadium salt in dilute sulphuric acid solution 
has also been found to improve the catalytic action of platinum in the 
combination of hydrogen and oxygen.^ 

T'Jie Electroni olive Bchavioiir of V anadium. 

Vanadium preci])itates the metal irom solutions of salts of gold, 
silver, platinum, and iridium, and reduces solutions of mercuric 
chloride, cupric (‘hloride and IVrric chloride to mercurous cliloridc, 
cuprous chloride, and ('(‘rrous chloride, r(‘S|)(‘(*ti \'c'ly. In these reactions 
the \'anadium ])asscs into solution as the ted ra\aient ion. No prec.ij)i- 
Lation or redueti()n ensues, tiow(‘\(‘r, when vanadium is added to 
solutions of dl\'al(“nt. salts of zinc, (‘admium, ni(*kel, and lead. From 
these reach ions it has beem (‘sti mated that tlu^ (dec-trolytic ])ote.ntial of 
the ehangcg vanadium (medal) M cd ra valcait. ions, is about - ()-3 to 
- - 0- 4 volt, wliicdi is approximatedy (apial to the el(‘ctroly tie. solution 
pressure of C'oppc'r. This figure* is a little* une(*rl.ain through the dilfi- 
(*ulty of se‘e*uring j)ur{* vanadium. 

W lu‘n an (‘le‘e*t roly t e* whie*}i is without, aedion on vanadium at 
ordinary t e*mpe‘rat ures (lor e‘xainple‘, dilute* solut ions ol' minc'ral acids, 
of oxalic*, ac’icl, or o( potassium halid(“s) is (‘le*e*t rolyscal with a. vanadium 
anode, a c’oinpU'X t td ra\'alent. vanadium ion is pro(lue*ed. Similarly, 
(*leet rolysis at 100 ' ('. and in molten ehlorid(*s ol' sodium or /Inc* gi\'e.s 
rise; to c'omplc'x tetra\alent \ anadium ions, ddu* F.M.F. in e*ae*h e:a.se 
is I'ound to be* inclepc‘n(h‘nt of the* nature ol’ the* c'lc'cd rolytc*. Wlu'n, 
however, solutions o( caustic* soda or of caustic* potash are employed, 
the \’anadium clissoh-es as a pent axuile'iit. ion, i rrc*spc‘c*t i vet of variations 

^ Xairniann, Mocser, .-iiid Lind.-nhainn, J . pmU. ('turn., 15)07, [iii, 75, 1 U) ; compare 
Sal)ata(‘r and Mailhe, .1//;/. ('him. I'liijy... I5UU, Iviii], 20, !> 10. 

= lailhcr and lUittcr, Ztilsrli. nnonj. ('htm., 15)07, ^4, 1. 

•’ \\ (dss, Downs, and l>tirn.s, ,/. I ml. hitu}. ('h< in.. 15)l!,‘>, 15, 5)0d : Scnsean.an and Xcdstui, 
i/jif/., \<C23, IS, rrJL 

^ liofiininn and Doidc, I5)2g [ iq, 57, 15)05). 
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in concentration, temperature, or current density. The pentavalent 
ion is electromeyati ve ; the tetravalent ion is strongly hydrolytic, and 
readily gives rise to the vanadyl ion [VO]'*, which is weakly electro- 
positive. The trivalent vanadium ion displays more marked electro- 
positive properties, wliich again increase with the formation of divalent 
ions.^ 

In 1 898, Cowper-Coles - claimed to have successfully effected the 
electrolytic reduction of an acid solution of vanadium pentoxide to 
metallic \'anadium, but the product was subsequently shown by Fischer ^ 
to have been a de])osit oJ‘ j^latinum hydride. Fischer, in a series of 
over three hundred experiments, varied the temperature, current density, 
cathode jnaterial, concentration, electrolyte, addition agent, and con- 
struction of cell, but in not one instance was the formation of any metallic 
vanadium observed. In most cases reduction ceased at the tetravalent 
state (blue). At tcm])eratures above 90" C. reduction appeared to 
proceed to tlic diwdeiit state (lavender). The use of carbon electrodes 
led to the trivalent state (green), but only lead electrodes produced the 
trivalent state at temperatures below 90" C. Platinum electrodes reduced 
the electrolyte to the blue vanadyl salt below 90^ C. ; using a divided 
cell and temperatures above 90° C. the lavender salt was obtained. 

Electrolytic reduction of pentavalent and tetravalent vanadium 
salts has frequently been cnq^loycd for the preparation of vanadium 
compounds of lower valency.^ Bleecker ^ has also prepared vanadium 
pentoxide and several vanadates clectrolytically. 

The passivity of vanadium is referred to on p. 28, and the electro- 
lytic decomposition of anhydrous fused vanadium salts on p. 17. 

Vanadium and Hydrogen. 

Roscoc, in 1870, found that vanadium “absorbs or combines with ” 
up to 1*8 ])er cent, of its weight of hydrogen, accordiiig to the state of 
di\'isio]i of the metal, when heated in a current of the gas, and con- 
firmed the observation in the following ycar.^’ Muthmann, Weiss, and 
Riedelbauch subscquciitly reported that the amount of hydrogen taken 
up by the vanadium increases vith increase of tcnqmraturc and duration 
of contact ; they stated that at 1800° C. a stable hydride of vanadium 
was ])roduced containing 16T ])cr cent, of hydrogen. This is described 
as a black powder which is unaffected by air, hot water, or boiling 
hydrochloric acid." Prandtl and Manz, however, were unable to obtain 
any compound of \'amulium and hydrogen, and state that the ])reviously 
observed increases in weight were due either to (a) absor 2 )tion of oxygen 

^ Ivuilor lias incasunal llio IIM.F.’s associated witli the successive clumircs, 

\V' >V'“, and lias examined the behaviour of solutions containing lhesc 

ions lowai'ds numerous oxidising and reducing agents {ZeiL'icA. anorg. 1907, 52, IhiS) 

- Cowf)(‘r-Colc*s, Jnslitutioii. of Mining and M dalhirgij , 1808-99, p. 198 ; Chon. Moos, 
1899, 79, 147. 

•* Ihscher, Trans. Anu-r. Klcrlrocho/i: Toe., 191 (), 30, 175; sec also Gin, ibid., 1909, 
16, 439. 

’ Piccini, Zeilsch. a.norg. Chon.., 1899, 19, 20--1 ; riceini and Marino, ibid., 1902, 32, 55; 
1900,50.49; Ihccamand ilri/.zi, , 1 890, II, J0(i ; 1899,19,394; Stabler and Wirtliwein, 
1905, 38, .3978; llultcunann, ZoLseh-. Tin kL rod ton., 1904, 10, 141 ; Rutter, ibid., 1900, 
12, 2,30 ; Cluipnian arid Law, Analgd, 1907, 32, 250. 

^ Bleeclau', Mel. Chon. Eng., 1910, 8, (ihO ; 1911, 9,501. 

'' Roscoc, J. Chon. Toe., 1870, 23, 358 ; 1871, 24, 23. 

" Muthmann, Weiss, and Riedclbauch, Annalen, 1907, 355, 58. 
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and nitrogen, or (h) absorption of hydrogen by impurities in the van- 
adium. ^ More recent investigations with vanadium of 90 per cent, 
purity which had been preheated for one hour in a vacuum at 1100'"' C. 
have* shown that the quantity of hydrogen absorbed varies with the 
tem]:)crature and the pressure. One gram of the metal absorbs 122*6 e.c. 
of livdrogen at ordinary temperatures and pressures and 2-01 e.c. at 
1100'' C.^ It is, therefore, improbable that a dermite compound is 
produced.^ 

Vanadium and the Halogens. 

The variable valency of vanadium is well displayed in its halides 
and oxyhalidcs. These arc set out in the following table : — 


HALIDES AND OXYHALIDES OF VANADIUM. 


Valency. 

Fluorine. 

Chlorine. 

Bromine. 

j Iodine. 

i 

Divalent 


VCl, 


Tri valent 

VF 3 

VFa.SieO 

VC1.J 

VCl^.-SHaO 

VOCl 

vBi-g 

VBi-j. 611,0 
VOBr “ 

VIs.clFO 

Tetra valent 

VF 4 

VOF 2 

VCl 4 

VOCl 2 

VOBro 


Pentavalcnt 

VF, 

VOF, 

VOoF* 

VOCI 3 

VOBi'a 


Doubt till 
valency. 

VOoClo.8lL,0 

VoO.>cJ,.5lI<>0 

V.,0“Clo.llF,0 

V0,Br,,.5ll20l 

i 



Tlic table shows that the stability of the halid(\s decreases witli 
in(Tcas(i in tlic atomic weiglit of tlie ludog('n. All the halides arc 
hygroscopic and show a very strong tendency to undergo ipydrolvsis. 
a teiuhaicy which increases with the valency. The tedrabromide and 
tetriodidc havet not been isolat(‘d ; VF.^ and VC'l ^ can junliaps b(* rc*garded 
as salts ot the very wc‘ak base VO.^. They arc* (sasily tusibh* compounds, 
and undergo hydrolysis so r(*adily that they (‘volve tlu* gaseous halogcsi 
acid and “IVime'’ in moist air; they arci Iherc^forf* c.omparabk* with the 
tctrahalid(‘s ot titanium, germanium, tin and k'ad. 

The ])repa, ration ot the anhydrous halides ot vanadium is j)ossil)lc 
onlv in the dry way, siiua^ attcan})ts to remove* tin* wat(*r trom the 
iiydrated halide rc*sult in the tonmition ot a basi(! salt, as in the cases 
oi‘ 1 lu* halides ot iron, chromium, aluminium, bismuth, (,*te. Tlu* gc'iieral 
met hods ot ])r(*parati()n em])k)y(*d are : 

* Id-andtl and Man/,, Zc.itsr.h, (inortj. (Jhrni.., 11)12, 79, 209. 

“ Uub(“r, Kirschbdd, and Smverts, Jicr., 1920, 59, 2891. 

^ Uilf'/.. Zeitsch. (LiiortL (Jhon... 1 ‘.)2.S. 42 
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1 . Halogenation of the oxides or sulphides. 

2 . Reduction of a higher halide either directly or by means of 
hydrogen. 

3. Direct synthesis. 

Since fluorine is difficult to prepare and manipulate, the anhydrous 
fluorides and oxy fluorides are prepared by the action of anhydrous 
hydrogen fluoride on other halides or oxyhalidcs of vanadium.^ 

Vanadium and Fluorine. 

Vanadium combines directly ndth fluorine to produce a mixture 
of several fluorides, from which it is difficult to separate any in the 
pure state. 

Hypovanadous Fluoride, vanadium difluoride, VFo, has not been 
isolated, but a reddisli-violet solution containing it is ol)tained by the 
action of excess of hydrofluoric acid on vanadium aluminium silicide,^ 
\'^AloSij 3 , in the absence of air. In the presence of air the solution 
becomes green, with evolution of hjnlrogen : 

2VFo+2HF = 2VF3+Il2. 

Tlie solution behaves generally like one of vanadium dichloride. ^ 

Vanadous Fluoride, vanadium trifl/uoride, VFg, is produced when 
hydrogen fluoride is allowed to react with pure, dry vanadous chloride, 
VCI 3 , at a dark red heat. It is a greenish-yellow' powder, almost 
insoluble in waiter and the usual organic solvents. It sublimes at a 
bright red heat. Density at 10 " C., 3-3628.'^ The trikydratc, VF 3 . 3 II 2 O, 
se])aratcs in dark green rliombohedral crystals w'hen vanadous oxide, 
V 0 O 3 , is dissolved in aqueous hydrofluoric acid and the solution is 
concentrated. This fluoride has also been prepared by the electrolytic 
reduction ol‘ a solution of vanadyl difluoridc in hydrofluoric acid."^ 
It decomposes ra])idly, wuth absor]Mion of oxygen, on exposure to air 
or in solution. It reduces silver salts to the metal, and mercuric and 
cu])ric salts to the mercurous and cuprous state, rcs])ectively. W'lth 
alkali carbonates and liydroxidcs it reacts to throw' dow'u a volumin- 
ous grevish-green precipitate of vanadous hydroxide, V(OH) 3 , w'bich also 
oxiciises in the air.^^ Vanadous fluoride ])osscsses the j)roperty common 


to many 

lluori 

des ' ol 

Jbrming 

a large numl)er 

of easily cia 

estallis 

able 

doul)lc s 

alts w 

th tlic 

fluorides 

of other metals 

and wuth i 

mimonium 

(luoridc. 

The 

I’ollowii 

ig green. 

crvstalline compounds have 

been 

pre- 

])ared an 

d (lose 

rii)ed : 

.. H 




VF. 

.Xli,I 

.21L>0 

' VF, 

.KF.2ir..O 

VF.,.C()F„. 

7TI.0 


VF.. 

.2X11, 

F.lIoO 

VF, 

.2KF.11.>0 

VF.j.XiF.,. 

TUT) 


vf;; 

.3X11, 

V 

VIS, 

.Rl)F.2]i„0 

VF.,./nF; 

TlIoO 


2 VF.. 

.5XaF 

.IL>0 

VI':, 

.CsF.-iFIod 

VF3.C(1F„ 

riioO 





VF, 

.TIF.2II0O 







VF3 

.2TIF.II0O 





The constitution of these compounds is discussed later (sec p. 30). 


1 rviUT atid Lifkfctt, LV/-., 101 I, 44, ^.ViO. - >Scc p. 20. 

•* Maiudiot and i-dschc-r, Amuiltn, J007, 357 , J29. Ruk and Lickl'eli, loc. cit. 

•’ Scarliai ini and Airoldi, 102;'), 55 , 44. 

'■ E(d.(-rs(‘n, J. 'jjyoL t. (JIk )))-., 1880, j ii j, 40, 47. 


38 


VANADIUM, NIOBIUM, AND TANTALUM. 


Vanadium Tetrafluoride, hypovanadic fluoride, VF4, is produced 
by tlie action of anhydrous hydroyen fluoride on the corrcs])onding 
chlorine compound, VCI4, at temperatures from —28'" to O'" C. It is 
an extremely delicpicsccnt brown powder which readily undergoes 
hydrolysis with water, so that it does not give rise to double salts as 
ill the "case of the trifluoride. Its density at 23'' C. is 2-9719. It de- 
composes above 325° C., yielding a mixture of the pentafluoride and the 
trilluoride : ^ 

Vanadium Pentafluoride, vcinadic fluoride, VF-, is of interest as 
the only pentahalidc of vanadium. It cannot be prepared by the action 
of hydrolluoric acid on vanadium pentoxide, VoO^, or on sodium meta- 
vanadate, NaVOg, because of its very strong tendency to undergo 
hydrolysis, with the formation of oxylluoridcs. It is obtained as a 
white sublimate when the tctralluoride is heated in a current of nitrogeii 
in a ])latinum tube, the temperature gradually being raised from 300-° 
to 050° C. It attacks glass and decomposes in moist air ; it is therefore 
kc])t in air-tight platinum tubes. It is soluble in the common organic 
solv^ents. Density at 19° C., 2-17GG. It boils at II 1-2° C. under 
758 nun. pressure. - 

Vanadium Oxy fluorides. 

Vanadyl Difluoride, VOFo, is ])repared by the action of anhydrous 
Jiydrogc'ii lliiorich' on vanadyl dibromide, \OBr2. It is a yellow sub- 
stance Densitv at 19° C., 3-395G.‘^ A hydrated vanadyl difluoridc, 
VOFo-.rUA), is obtained as microscopic blue crystals when hypovanadic 
oxidc^, V().„ is dissolv(‘d in excess of hydrolluoric. acid and the solution 
concc'nt.ratvd slowly over sulphuric acid.'^ The following double salts 
Inive bc(m ])r(‘par(‘(i, all of which are crystalline and fairly stable : — 

V<)F.,.2Nll4F i 3V()F2.8XaF.2ll20 VOF2.C'oFo.7ll oO 

( ) V “.2 X 1 1 4 F. 1 1 .,( ) i yO F .“.2 K F VO F o. X i F o.7 1 f “O 

VOF:, 3 XII 4 F “ i 3V()Fo.7KF VOF..ZnlA, .711.0 

4 V( )F:>. 7 X 1 1 4 F. 51 1 .0 ! V()F..2T1F V()F2.CdF..7llo0 

Vanadium Oxytrifluoride, VOF.^, is obtained by the action of 
hydrogen (luoridc on th(‘ C()rr(-s))()nding chlorim^ com})ound, VOCI3. 
Il is also I’ormcd wluai vanadous Ihiorich' is lu'alcd to redness in oxygen, 
n. is a. yellowish-white, (‘xtnam-ly hygroseoj)ie subslanec,' rc'adily 
s(>lubl(‘ in*wal(‘r. Us (hmsity at 2()-5 " (f is 2*1.591 . Whew heated to 
132 ('. it undergoes partial deeomposit.ion with formation of vanadium 

p(‘ntoxid(‘ The following double salts of vanadium oxy trilluoride arc 
known 2 VOF^.GX 1 1 4F.I F>(), 2V()F3,3KF, y()V,.2KF. VOF^ATA. 
I.KF, and 2\'()F..3K F.I I F. Th(‘S(- donl)lc‘ salts arc- whitce crystalline 
compounds ; th(-y are stable- in the- air, but. umh-rgo hydrolysis in 
solution to form addition eomj)onnds of x'anadium dioxy lluoridc-, VO.F. 

' Itiifl and Lickiett, //rr., 1911, 44 , 

~ iUUl and Idckfrtt, loc. cit. 

IvuiT and Lickfct t , lor. cit. 

[\‘tiT.scn, ./. [o-a/J. ( 'hnn., 1 SS9, [ii ], 40, 101. 

rftci>'.(-n, /or. r//. ; Her.. I SSS, 21 , :)2r)7 ; I*iccini and ( norgis, /er. r;g. ; Itda-r, TiV./-., 
1S7S, II, 1722; ld)hraini and Hcyinann, Her., 1 OOik 4 ^? 'ttOO. 

Hull’ and Idclvictt, lor. rit. 

7 ./ ('hroi.. 1 8S9. [ill, 40 , 271 ; jdc-cini and (dorgi.s, loc. cit. 
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Vanadium Dioxyfluoride, VOoF, has not been isolated in the free 
state. It eom])ines readity Avith other fluorides to form a series of 
yellow, easily crystallisable double salts, wiiich can be heated to 100° C. 
or even above without undergoing change. The following have been 
prepared : — ^ 


VO2F.2XH4F.II0O 

VO0F.8XII4F 

2VO0F.3XH4F 

2VOJ\3XIl4F.IToO 


VO0F.2KF 

2 VOoF. 3 KF 

2 VOoF. 3 T 1 F 


VOoF.ZnFo.7H2O 

VOoF.BaFo 

VOoF.CaFg 


Constitution of Vanadium Double Halides.- 

The double fluorides of vanadium and other double halogen salts 
in most cases can be regarded as in accordance with Werner’s theory 
of co-ordinated compounds. The vanadium has a co-ordination 
number six. 

The hvdratcd fluoride, VF3.3II0O, mav be regarded as an aquo-salt, 
"(H 0 ), ' gradual replacement of aquo-water by fluorine gives 

the following : — ^ 


vF 4 ■ 
. (HoOV 


(XII, 




1)2 


i.e. 


VF3.XH4F.2HoO: 


VF3.2XII4F.H2O ; 
Similarly, tlic double potassium salt, VF3.2KF.H2O, is 


[VF„](XH 4 


VFo.SXH^F. 


yl’ 5 

Lhi-co), 


Kj. The 


alkali metal can be replaced by aniline to produce salts of the same 
type : 1 

[VF,](XIl 3 C„IC) 3 . 

The constitution of the acid radical of the potassium salt containing 
one molecule of water corres])onds to that of tliose double salts which 
contain seven molecules oi’ water. It therefore follows that the 
acid radical in tlie latter is also co-ordinativelv saturated. The salt 

1’5 “ 

(ICO)_ 

the zinc atom by atoms ol other metals gives tlic corrcs])onding cobalt, 
nickel, and cadmium conq^ounds, which have similar constitution.'"^ 
Double salts of the other vumadium halides are much less stable 
and therefore less numerous than those containing fluorine. They 
are rcprchscntcd on the c.o-ordination theory by formuhe which arc 
analogous to those set out above. Unlike vanadium trifluoride, which 
forms VF3.3H2O, the molecules of the corrcs])onding hydrates of 


VF.j.ZuF 2 . 711 2O tlius becomes 


V 


[Zn(H20)(5]. Replacement of 


' Picoiui and (dorgds, loc. ait. ; JPikor, J. Ch.tni. Xon., 1S78, 33 , 3SS ; jqdiraim, Zeiisclt. 
(ui()r(j. Chtub., 190.‘), 35 , GG ; Pclt-rscn, loc. cil. ; Fpliraim and Hcymann, Bar., 1909, 41 , 
4-1 go'. 

“ tor a g(MK‘i'al discai.ssion of double fhnuTde.s and oxyflaorides of the metals, sec tbia 
aeries, Vol. VII 1. (19 lo), ])p. 45 at ,'«■(/. 

W'ei'iKT, Xc/v /deu.s- iti. J norbfanic ClK.-ndshoj, translated by Hedley (Lonamaivs, 1911), 

p. 120 . 
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tlic other halo<i;eii compounds are found to possess GlToO, and are 
^vntten : 

[V(II,0);jBr3; [V(II,0)„]T3. 

ll is of inU'rcsl: to note that ^Icycr and Backa,^ by treating vanadium 
I ric*iik;rido and Iribromidc Avith liquid ammonia, have recently obtained 
iu-xriiiiinine dcri\'alivcs : 

LV(NIi'3)olCl3; [VCNH^VJBr,. 

'riu'sr are eomparai)le in ilieir reactions to the liexammine of ferric 
ehloridr. j Ft“( N i ! .. b [UL. ncxamniino-vanadium trichloride loses its 
eliioriiu- on brine' Ireatcsl with nitric acid and forms the coTres])ondlng 
nifraba |\‘iN[l:;)J(N(),):c 

I'ic' doubli* ox\'-sails may b('. regarded as belonging to the following 
.a an -rad srri rs ; - 


\i) lU 

n..() 


V ^ R • V ^ 


\’i n J'J i .1 ) can b(‘ writtcai VO (NIl 4 )o; YOFo.ZnFo. 

1L>() 

! “ pn 

711 . 1 ) as ! \n f/iK.n.d)),!: V()JUdXir,F as V^V (NIIJ,; 

i did) ^ 

.laii \ ( ),,r.’/n i ■ ,.I 1 ! J ) as \’().. lZn(iU> 0 ),;l. It will be observed 

lU) 


i. a, i; , t >!s ii !i;b. i< >n ninnbt r .six is mai n( a.im^d by bringing a molecule 
,, { ;n:.> Ui« nv) iudinaftd coinplnx. 

\ / i ; . i ' : h. r, . >b .M'o d ( lial ll c * < s > 1 ji pnsi t ioo o f I lu* halogen double* sails 

.'sd ‘-Us I inslals app<-ars lo lx* drp(*nd(‘n t on the atoniie 
. loNai. 'This is shown bv ri‘\sTiting tlu* formula* 

. ; d-.al,i. •.ad.: g V Ip.uJN i I , I - V F.AXa F, aiul l> V F.j.tK F. 

1 ' , ,11 ;..aid p-r /ibb* io jircpriPt* donblr sails in which the 

, , i.fniL.d) duoridr roinbiiH'ii wilh t.wo moh'eules of 

\ : ; h .1'! nnd 1 t'f spends i‘{y. Fdforls lo prepare a 

; ■ : : In-- .*. .n;p- -■ ;l 3on g \* F ...d K l'\ Ibr instance*, wi'i'c 

; .1 r i-;in- 'iiC'' tin* formula* for sonu* double* 

. V,.,; ! :i\'( ) F ,.0 X 1 1 .F, b\'( )lV.SXaF, and 


\ woi V wo ( !ii.om\ix 

in.}Oo5!s ( .!ib»r4tic, . •itiihiiuai 1 1 1 ('ll 1 1 u' 1 ( 1 1\ \ ( I o. Solutions 
,i, e,.;i b* po pared l)\ (‘h'cl rolyt ic r(*ducdon of 

, , , . , • ; i i ; s d d 1 1 1 oil ot ;n na 1 ' ,1 a I iia d *( I 7 -i nc I o a h ydro- 

: . ii dioni o, id«)sid«*. ‘ 'Flu* sohdion nndc'rgoes 

: b-, -l::l loll of \ anadium dichloridc cannot 

• . .. ia:M. I a;. 177 . 

oe-- ijMiin. -/e-/.. lanib 36, 1(U)0 ; Mdikoil 
' ’ , . inm. .;o, 77 . 

\ ‘ ino;!, 1 ) 7 . 
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be effected a wet method. It is dc2:»osited in ajople-green hexagonal 
flakes when the vapour of vanadium tetrachloride mixed with dry 
hydrogen is }:)asscd tlirougli a gdass tube licated to dull redness.^ 
Vanadium trieldoridc umlcrgoes decom})Osition to the dicldoridc and 
tetrachloride when heated to 900 ^ C. in a stream of nitrogen or carbon 
dioxide. The tetrachloride jaroduced at the same time distils away 
at the tem^aerature of the reaction.- More reeently, vanadium di- 
chloride has been obtained by the action of hydrogen chloride on 
commercial ferro vanadium.'^ Its density at 18 ° C. is 8 - 23 . It is a 
hygroscopic solid which deliquesces with oxidation to a brown liquid. 
In the 2:)rcscnce of mineral acid a violet solution is formed, wliich, like 
all other solutions of divalent vanadium salts, acts as an extremely 
powerful reducing agent ; it is, in fact, one of the strongest reducing 
agents known. It slowly evolves hydrogen from its aqueous or acid 
solutions, with formation of the trichloride ; a vigorous evolution of 
hydrogen takes place from the acid solution in the j^resenee of 2:>latinum 
foil. It bleaches litmus and indigo, precipitates the metals from solu- 
tions of salts of coj^per, tin, silver, gold and platinum, and has been 
successfully em]:)loyed in the isolation of certain organic radicals, as, 
for example, the tri])hcnylmethyl radical from tri2:)henyl carbinol.'^ At 
a bright red lieat it reduces carbon dioxide to the monoxide : ^ 

3VClo-!-2C02-2V0Cl-f VCI4+2CO ; 
and with even stronger heating the reaction proceeds further, 

TV Cl 2 -r 3 CO 2 = VoO 3 -r 2 VCI4 -f 3 CO, 

2Durc vanadium sesquioxidc being 2)roduccd. 

Vanadous Chloride, vanadium trichloride, VCI3. — This halide is 
obtained by the action of hydrogen cliloridc on finely divided vanadium 
at 300 ° to 400 ° C.,^' or by heating vanadium tetrachloride to 140 ° C. in 
a current of carbon dioxide, which removes the chlorine formed at the 
same time. It can be conveniently made also by boiling vamrdium oxy- 
trichloridc, VOCI3, vanadium tetrachloride, VCI4, or a mixture of both, 
witli sulphur, under redux. Tlic reactions involved are : ’ 

(i) 2VCI4H-2S =2VCh-'-SXU. 

(ii) 2VOCl3-rS -:2YCr3-bSbor 

In the former case the sul])luir cliloridc is distilled off, and in both cases 
the excess of sul{)hur is removed by distillation in an atmos]:)hcre of 
carbon dioxide or nitrogen. 

Anhydrous vanadium trichloride is a crystalline solid of tlie colour 
of ])each blossom. It is extremely hygroscojiic, delicjucscing to a brown 
liquid. It gi\'cs green solutions in alcohol and ether. Density at 
1 S° C., 3’()(). 4 'he absor2)tion siiectrum has been studied. On being 
strongly heated in hydrogen it is reduced to vanadium dicldoridc, VCU, 

^ .Hoscoe, J. Che7)L Soc., 1870, 23 , 314. 

- Ru/r and Lickiett, 19J 1, 44 , aOG. 

■\rcyer and Backa, Zcitscli. anorg. (Jlu'-ni.., 1924, 135 , 177. 

Conant and Sloan, J. Anicr. Glum.. Soc., 1923, 45 , 24GG ; Conant and Lntz, ibid., 
1923, 45 , 1047 ; Gonanl and Caillor, ibid., 192G, ^^ 8 , lUlG. 

^ Ruir and idekfott, loc. cit. 

^ M(*ycr and Backa, loc. cil. 

• Kuil and Lickfedt, loc. cit. 
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and ultimately to the metal. Tin also reduces it to the dichloride. i 
On bein^r heated in a current of nitro^^^en to a dark red heat it is decom- 
posed into tlic tetrachloride, which distils off, and the dichloride, wliich 
remains behind : 

2VCl3-:VCl4i-YCl2. 

The following change also takes place : — 

2VCl4=^2VCl3-l-Clo, 

so that the quantity of tetrachloride ]yroduced is determined for each 
temperature by the partial pressure of the chlorine. If the tri- 
chloride is heated in a current of chlorine which is free from oxygen, 
complete coin'crsion into tlie tetrachloride ensues. 

The liexaliydraie, VCI3.CII2O, is prepared by dissolving vanadous 
hydroxide, V(0II)3, in hydrochloric acid in tlic absence of air,^ or by 
the electrolytic reduction of a solution of vanadium pentoxide, V2O5, 
in hydrochloric acid.^ It is a green, crystalline compound, very 
hygroscopic, and readily soluble in water, alcohol, or ether. On being 
heated it decomposes belbre all its water has been driven off. Its 
aqueous solutions are brown or yellow, according to the concentration; 
on addition of acid the solution assumes the green colour character- 
istic. of solutions of tri valent vanadium salts, and as oxidation to the 
t(t.raval(“nt state takes ])lacc the solution becomes blue. AYhen 
liydraled vanadium trieldoride and ru])idium chloride arc together 
dissolvc'd in water, in the recpiisite ))roportions, and the solution is 
S!itural(“d with hydrochloric acid and concentrated, crystals of a double 
salt, YC!l3.2Kb('l.lU(), are oblaiiu^d. Tlu‘ corresponding ammonium, 
potassiun'i and caesium doubh' salts have been ])repared.-^ The rnag- 
n(‘siiim double chloride has (lie composition \Td3.MgUI2.ir2O ; ^ another 
d()ubl(‘ potassium salt, VC'l.j.KCI, is known. Addition of silver nitrate 
gi\’es a prc‘(‘ipitate which consists of a mixture^ of metallic silver and silver 
(tdoride ; with thallium sulphatcx however, a precipitate of thallium 
ehlorid(‘ is thrown down, IVom whieti it. can b(‘ inlerrcxl that vaiiadium 
trichloride' iiiuh'rgoes normal ionisation in solution, as in the case of 
fh(‘ corresponding violet, ehroiniuni chloride, C'rC'l.,, and ferric chloride, 

FeCI.,. " _ _ ' 

l ‘l c.vdunni tio-vdiKidi lUii 'i'rirliloridc. | \'(X 1 1 .JcJCt 3.- -The similarity 
between th(‘ trichlorides of iron and vanadium is furtlier sliown in their 
l)(tia\iour towards ammonia. .\t ordinary t('mp('ratures ammonia 
reacts with \anadiuni t ri(‘hlorid<' to {)rodue(' vanadium nitride, YX, 
and ammonium ehlorieh*, but ifliejuid ammonia is pourc'd over vanadium 
t rieldorido, a (juantitat ivc' yield of a re'ddish-brown salt, [ Y(XIl3),; ICI3, 
is o})tame(I. which re'calls tlu' h(‘xammin('S of cobalt and chromium. 
Tin' ammonia molecules are' not, howe‘\ e-r, ve'ry (irmly held, and the 
eompoimd is, therefore', more' eomj)arable' witli the' ('e)rres])onding 
hexammiiK' of ferrie' e'hlor a.', ii'.'(Nii,),|('i,. 

I lexainmino-\'anaelium t rie‘hle)ride‘ is inse)lubl(' in watc'r. ah'ohol, and 

' Lfcniann and Xon.s. Momitsh , lUl.t, 34, nl. 

•’ i.,.ckc and Kdwardx, ('h m. USDS, 20, SOI. 

1 ‘icrini and lii'i/./.i, Ztit.sch. (i/to/'j. ('Juf/i., 1 Sdt), 19, 

1 se . ia..f /.'</• mn 1 nil. 
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ether. On being exposed to dry air it decomposes slowly and becomes 
white : 

[V(Nir3),]Cl3+0-n>II,0=NHa^O,+;3Nir,Cl + 2NII,. 

On being exposed to damp air it slow'ly becomes green, due to the 
formation of the hexa-aquo-vanadium salt, [V(n 20 )Q]Cl 3 . It is 
decomposed by boiling water, 

[V(XH3),]Cl3H-3lIoO=V(OH)3 + 3NH3-i-3XH4Cl, 

and dissolves in dilute hydrochloric acid to give a solution which 
possesses the green colour cliaractcristic of trivalent vanadium salts. 
By the action of nitric acid a quantitative yield of hexam))ii)ii)-va}iadiuin 
nitrate, [V(X^ll 3 )g](X' 03 ) 3 , is obtained.^ 

Hypovanadic Chloride, vanadiuni tetrachloride, VCI4, can be 
prepared synthetically from tlie lower chloride, VCI 3 , by heating in 
a stream of chlorine at 600° C. Another convenient method consists 
in passing diy chlorine over ferro vanadium contained in a hard glass 
tube heated in a combustion furnace. The reactio]\ is expressed : 

2 FeV + 7C1 o - 2 FcCl 3 -f 2 VCl 4 . 

The vanadium tetrachloride distils over and is purified from any ferric 
chloride ]mcsent cither by distillation or by extraction of the product 
with carbon tetrachloride, in whicli only the vanadium halide is soluble.- 
Sulphuryl chloride, thionyl chloride, sul 2 )hur monochloride, and 
phosgene can all be used in the last reaction iiistead of chlorine, and the 
ferrovanadium also can be su]:)stituted ))y vanadium carbide, V 4 C 3 ,'^ 
nitride, VX,'^ subsilicidc, VoSi,*' disilicide, VXio,^* or ])entoxide.^ 

Vanadium tetrachloride is a reddish-brown, viscous liquid, w'hich 
boils at 153*7'^ C. at 708 mm.^ and melts at — C. Density at 0 " C., 
1*8584. The dielectric constant has ])ccn investigated.-^ The electrical 
conductivity is extremely low even near the boiling-point.-^^ On being 
heated to 000 ° C. in the ]>rcscncc of iron it undergoes reduction to the 
metal. It dccom]:)oscs slowly and spontaneously in a dry atmosphere 
at ordinary temperatures into vanadous chloride, VCI 3 , and chlorine. 
In moist air it undergoes slow hydrolysis with J’ormation of hydro- 
chloric acid, which gives rise to the usual iuming elTcct ; on being 
thrown into water it is immediately hydrolysed and 1 ‘orms vanadyl 
dichloride, VOCTo, which gives a blue solution. Thc‘ tetrachloride is 
stable only at tcm])eraturcs above al)out 030° It is too unstable 

to ibrin double salts with other chlorides. In ben'/enc solution, however, 
it reacts with ammonia and its derivatives, e.g, aniline, to yield com- 

^ 5I(;ycr and Backa, ZviUch. anor(j. Chain., L92-I. 135 , 177. 

- Morle.s, J. Aine.r. Okain. Hoc., 1913, 35 , 071 ; At'ycr and Backa, loc. oil. 

RulT and Idcki'ctt , liar., 191 1, 44 , 500. 

Rt)S(;()(', J. (Jlifiih. Sac., 1870, 23 , 3-14. 

^ 5l()issan and Holt, A nn. Ckun. rhij.i., 1902, [vii], 27 , 277. 
i\[c*y(‘r and Backa, loc. cit. 

' Matignon and Bourion, Conipt. rand., 1904, 138 , 031. 

® Unfl’and Licldcdt, loc. cit. ; Biltz and Kcunecke {Ze.itsch. (vnorg. Cliara., 1925, 147 , 171) 
give the b()Lling-])oint a.s 14S-5"'' Ck at 755 nrni. 

•’ Loomis and Schlundt., J. Physical Cham.., 1915, 19 , 731. 
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pounds which consist of one molecule of the tetrachloride in association 
with from three to six molecules of ammonia or its derivative A 

Vanadium Oxychlorides . 

Divanadyl Chloride, V 2 O 2 CI, is formed, together with vanadium 
oxymonochloride and vanadyl dichloride, when the vapour of vanadium 
oxytrichloride, VOCI 3 , mixed with hydrogen, is passed through a glass 
tube heated to redness. It is an insoluble, bronze-coloured substance, 
similar in appearance to mosaic gold ; under the microscope it is seen 
to consist of glistening yellow^ crystals. Density at 20 ° C., d*64. On 
being heated in air it forms vanadium pentoxide.^ A hydrate, 
2 V 062 CI. 5 H 0 O, has been obtained b}^ the action of hydrogen sulphide 
on a solution of vanadium pentoxide in concentrated hydrochloric acid.^ 
The chemical identity of divanadyl chloride is, however, a matter of 
doubt. 

Vanadium Oxymonochloride, VOCl, can be obtained by heating 
vanadium trichloride in an atmosphere of carbon dioxide at about 
700° C. for several hours : 

3YCl3+2C02-VCl4+2V0Cl-i-2C0. 

It can also be prepared by the reduction of vanadium oxytrichloride, 
YOCI 3 , in hydrogen at a red heat. It is a flaky, brown, crystalline 
substance ; density at 16 ° C., 2*824 ; soluble with difficulty in water 
but readily soluble in nitric acid."^ 

Vanadyl Dichloride, YOCb, is produced by the partial hydrolysis 
of vanadium tetrachloride. It is also formed, together with small 
proportions of vanadium oxymonochloride, V'OCl, w'hcn vanadium 
oxytrichloride, YOCI 3 , is reduced cither by means of hydrogen or l)y 
heating with metallic zinc in a sealed tube at 400° C.^ it yields grass- 
green deliquescent crystals which have an unctuous feci. Density at 
13° C., 2*88. The dielectric constaiit ^ and absor])tion S])ectrum " have 
been investigated. ElTorts to obtain double salts of vanadyl dichloride 
with chlorides of other metals, corres[)ondiug to those given by vanadyl 
di fluoride, have not ])roved successful. 

Two series of double salts having the general formuhe YOCU.tll.llCh 
rrll^O and Y 0 Cl 2 . 2 R.lICi.air 20 , where U ([uinolinc or pyridine, are, 
ho woven*, known. ^ 

Vanadium Oxytrichloride, VOLl.^, commonly known as ''vanadyl 
chloride,’' is the easiest to ])re])are of all the halogen or oxyhalogen 
com})oimds of vanadium. It distils ovea* as a yellow liepiid wluai 
vanadium ])enU)xidc is strongly heated, or wluai vanadiun trioxich^ is 
geavtly heated, in a current of (*hlorine. Addition ol“ (‘harcoal aveeleratc's 
the reaetions : 

(i) 2 V 0 O 3 -I- 6 CI 0 tVOCbj i-dO.,. 

(ii) 3V2O3 j-GCU - iVOCh/i V^Ou. 

’ McrlcH and I’dts-k, J. Ind. Eng. Ehctn., 191.'), 7, 10,17, 

- il()sc()(% ,/. (diC'Hh. Sor., 181)8, 21, .‘MS. 

^ (7-ovv, 1871), 30, 4,77. 

^ I vuir and Idckfctt, AVr., 101 1, 44, .701) ; Itoscot', lor. cit. 

U().s(:<)(‘, lor. ril. 

*■ Loonds and Scldundt, ,/. Jdii/olrol Chem., 101 a, 19, 7.‘M. 

‘ Morgan and Moss, J . Sor., IDIS, 103, 88. 

^ K()|:)})(d, lioldniann, and Kant’niann, ZciEr/i. anorg. Chr/n..^ mOd, 45, 

^ llnscax*, C'hrrtb. Soc., ISliS, 21 , .‘142; Brisetoo and ihid., MU4, I 05 , I'llli. 
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Instead of usina' chlorine, o'aseoiis hydrogen chloride may be employed, 
provided that a strong dehydrating agent, phosphorus pentoxide or 
zinc chloride, is present to remove the water formed and so stop the 
right-tod eft reaction in ^ 

V oO 5 + 6irci2 ^ VO Cl 3 + 3II 2O . 

Ilalogcnation in tlie presence of sulphur, or by means of sulphur halides, 
is also available. AVhen chlorine is conducted into a mixture of vanadium 
pentoxide and sulphur, or when powdered vanadium ]:)entoxide is 
treated with sul})hur monochloride va230urs, an immediate reaction 
sets in, with formation of vanadium oxytrichloridc.- A quantitative 
yield of this compound is also obtained when vanadium trichloride is 
heated in oxygen at 500" to 600° 

Vanadium oxytri chloride is a liglit yellow, mobile, transparent 
liquid, which boils at 127*15° C at 764*5 mm.'^ Other determinations 
gave the b.pt, as 126*7° C. at 767 mm. and 124*4° C. at 723 mm.^ The 
density has been found to be 1*8656 at 0° C.,® or 1*8362 at 15*5° C.,"^ 
compared with water at 4° C. The expansion on being heated from 
0° to 130° C. has been measured.® The oxytri chloride remains a liquid 
at —15° C., and its va])our density at 186° C. is 6*108 (air —1), showing 
it to be undccomposcd. It is not decomposed on prolonged boiling 
with metallic sodium, potassium, or magnesium. On exposure to damp 
air, or on being treated with a small quantity of water, it displays the 
usual unstable character of the ))entavalent \'anadium halides in that 
it undergoes rapid hydrolysis and thereby becomes coated with red 
.flakes of vanadium pentoxide : 

2VOci3+3iroO-vA-iA)nci. 

IVith more water, it ]3asscs into solution; dilute solutions, which are 
brownish-yellow or red, according to the concentration, evolve chlorine 
and become blue on standing, undergoing reduction to the tctravalcnt 
state. On evaporation to dryness, all the chlorine is CA'olvcd and the 
residue consists of tin: ])cntoxidc. Vanadium oxytrichloride is also 
solul)lc in ether and alcohol. It dissolves chlorine, hroniinc, iodine, 
yellow phos]3horus, and sulphur, ai\d is miscible with various liquid 
hydrocarbons and chlorinated hydrocarbons ; its use as an industrial 
soh'cnt has therefore been suggested.-^ 

Addition of ]3yridin(; hydrochloride to an alcoholic solution of 
vanadium oxytric*hloridc yields an addition cojupound, \"OCl 3 .C 5 ri 5 X. 
IK'l.CoIl^OlI.^'^ On being brought into reaction with cupric, oxide, a 
dark green coppe-r chlorovanadatc is (‘ormed, Cu (\T) 3 )o.CuCl ; litharge 
similarly yields a hrick-rcal lead ddorovanadatc, Fb(\' 03 ) 2 .PbC 4 . 
From the iustal)ility of tlu'se compounds towards water it is assumed 

^ iq)lirairn, Zril.srJ/. anorg. (Ihv.m., IDO'g 35 , (i(). 

“ Maligrion and l^oiirion, Co>ti.pt. rand., 1904, 138 , 031- 
RulT and Licdcfclt, loc. cit. 

^ 'riiorpc', J. (JItc/n: >S'oc., 1880, 37 , 3-19. 

'* Rfaiidt l and Zcil.srh. (tnorg. (Jlu-ni , 1909, 65 , 152 ; Roscoe, loc. cit. ; sec also 

Uliote, (U)n/.j)t. wnd., 1885, loi, 1151. 

41i()r{)(‘, loc. cit. ; se(^ also UlloUa loc. cit. 

‘ Roscoc, loc. cit. ; Prandtl and BU'ver, loc. cit. 

^ Idiorpc, loc. cit. 

^ Brown and Snyder, J. Amer. Chon,. Soc., 1925, 47 , 2071. 
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that the chlorine atoms arc dircctlv attached to the vanadium atom. 


The copper salt is, therefore, formulated thus : 



>V0 CLCuV 03. 


The reaction with magnesium oxide proceeds differently and gives 
magnesium hexavanadate, Mg2V(jOj7.19lT20.i 

Vanadium Oxydichloride, V02C12-8IT20. — By the action of 
dilute aqueous hydrochloric acid on the two isomeric hydrates of hypo- 
vanadic acid, tAvo isomeric forms of this compound haAm been prepared. 
The green hydrate gives rise to deep green crystals, and the rose hydrate 
to blue crystals of the same empirical composition.- Their constitutions 
are a matter of doubt.^ 

In addition to the above, Iavo other A anadium oxAUjhlorides haA’e 
been reported : VoO.Cl^.oHoO or 2VOo.4HCl.3HoO,^ and VoO.Clo.IIIoO 
or 2VO2.2HCI.3H2O.5 

Thermochemical Considerations. — The heats of formation of 
the three anhydrous chlorides of Avinadium have been determined by 
combustion in a bomb calorimeter and arc found to be as folloAvs ® 


(i) V (solid)-i~ CL, (gas)=VCl2 (solid) —147,000 (~d000) calories. 

(ii) V (solid)-t-iJCl2 (gas)=:yCl3 (solid) +US7,000 ( — 8000) ,, 

(hi) V (solid)-e2Cl2 (gas)=VCl4 (liquid) -pi (35,000 (±'f000) ,, 

It is obA'ious that the combustion of a molecule of a aiiadium Avith an 
increasing number of molecules of chlorine is not accompanied by a 
gradually increasing evolution of heat. The figures shoAV that the 
formation of vanadium tetrachloride (liquid) from vanadium trichloride 
(solid) and chlorine (gas) proceeds endothermically : 

(iv) yCl3 (solid) + -|Cl2 (gas)=yCl4 (liquid) — 22,000 calories. 

Vanadium tetrachloride is, in fact, stable only at high temperatures. 
The last figure is, hoAvever, unreliable, since it is considerably affected 
by (a) the expcrime]ital errors iuA'olved in the reactions (ii) ami (iii) 
aboA'e, and {b) the heat of liquefaction of A^anadium tetrachloride, Avhieh 
is at present unknoAvn. 

The heat of formation of Auinadium oxytriehloridc is given by the 
equation : 

(v) V (solid) — -J-O2 (gas) + !,Td2 (gas)— VOCl-j (liquid) -f 200,000 

(y-4000) calorics. 

Vanadium and Bromine. 

Vanadous Bromide, Lanadium tribrotnide, VBr.,, is couxA'iiicutly 
obtained synthetically. \V]icn ])OAvdcred A'anadium is gently waruied 
Avith pure, dry bromine, combination takes })laec readily, considerable 
heat is CAmlved and the tri bromide is formed. Ferro\'anadium alloy 
giA'cs the same product.' It is also obtained l)y the action of pure, 


' Cutlica, Tarclii, and Alinari, Oazz&lta, 53 , [i], ISO. 

- (iain. Anti.. Oli.ini. yVe/w., JOUS, [viii], 14 , 224. 

^ Compare the ]n(;nohydrates of Hy povanadic Oxide, p. 50. 

*' Crow, J. Chf/ni. Soc., 1S7(), 30 , 45,3 ; Perrakis, ConnpL rend., 1927, 184 , IdIjO. 
^ Ditto, ibkL, 1886, 102 , 1.310. 

Ruff and Friedrich, Zcitndi. anorg. Chetn., 1014, 89 , 279. 

' Meyer and Backa, ibid., 1924, 135 , 187. 
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Iry bromine vapour on cither vanadium nitride, VX, or a mixture of 
amadous oxide, V2O3, and charcoalA or on pure Amnadium carbide, 
It is a dark orecn or i^rcyish-black, amor])hous, deliquescent 
uljstauec, wlrich decomposes spontaneously with evolution of bromine at 
rdinary temperatures, yiv'iny' a dark liquid. It dissolves in water with- 
ut evolution of bromijm to yive a green solution, which possesses the 
ame general properties as a solution of vanadium triehloricle. On being 
ently heated in air it is rapidly converted into a mixture of vanadous 
xide, V2O3, and vanadium pentoxide, V^O-. 

The liexahydrcde, VBiq.GlIoO. is prepared by dissolving the anhydrous 
dbromidc in air-free water and concentrating, first on a water-bath 
nd subsequently in vaciw.^ It can also be prepared by dissolving 
anadous hydroxide, ¥(011 )o, in eoneentrated hydrobromic acid out 
f contact with air,"^ or by the electrolytic reduction of a solution of 
anadium pentoxide, V0O5, in hydrobromic aeid.^ Hydrated vanadium 
ibromide is a green, hygroscopic, crystalline powder, which is less 
rsily crystallisable and less stable than the corresponding chloride, 
he colour of its solution in water varies from brown to yellow according 
) the concentration ; addition of acid gives rise to a green coloration 
Inch changes to blue as oxidation to the tetravalcnt state ensues. 

Jlexa}nmi}i()-ininacliuvi Trihroniide, | V(NH3)^]Br3, is prepared by 
le action of liquid ammonia on vanadium tri bromide. Its properties 
rd reactions arc similar to those of the corresponding chlorine com- 
ound (sec p. 42). 

Hypovanadic Bromide, vanadtuvi tetrahroviide. VBr^, has not 
therto been isolated, but it is of interest to note that a double salt of 
)mposition VBr4.SbBr3.7H2O lias been obtained by dissolving anti- 
ony tribromide and vanadium pentoxide in hydrobromic acid and 
iding bromine.^ 

I "anadium Oxijbroniides. 

Vanadium Oxymonobromide, VOJh, is prepared by the decom- 
)sitioji oi“ vanadyl dibromide, VOBi'o, in. vacuo at 3G0" C. It forms 
olet, octahedral crystals, density 4-()0() at 18"^ C. On being heated 
. vacuo at C. it yields vanadium tribroniide and vanadous oxide, 
2O3. It is almost insoluble in water and the usual organic solvcjits.^ 

Vanadyl Dibromide, VOBr.,, is obtained by passing bromine 
ij:)0ur or, j^rcferably, a mixture of sulphur bromide, SoBr^, and 
omine over a mixture of vanadium pentoxide and sulplnir at a red 
;at ; the product is heated i}i vacuo at 2 C., whereupon the vanadyl 

bromide is obtained as a yellow powder.'^ An alternative method 
prcj^aration consists in heating vanadium oxytribromide, VOBr.^, 
180" Vanad}'! di bromide is no doubt ])rescnt in the blue solution 
lich results when hypovanadic oxide, VO2, is dissolved in hydro- 
omic acid. 


^ Roscoo, J. Cfietth. Soc., 1S71, 24 , 20. 

“ Rnit and Licicfelt. 1911, 44 , 273-1. 

Mey(M' and Racka., lor. riL 

Ivoc.kc; and tkl wards, Aou-r. Ckviii. ISOS, 20, 794. 
Ric'cini and Brizzi, Zr-iUrh. anortj. Chrm.. 1899, 19, 304. 
•' Wcinland and Reigcn VUr., 1903, 36, 2GU. 

‘ Ruir and Licdvfott, lor. c.it. 

^ Kiiil:' and Lickfett, loc. caI, 

Koscoc, loc. cit. 
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Vanadyl dibromide is a hygroscopic, unstabJc compound. It 
dissolves in water to give a blue solution. On being heated in air it 
forms vanadium pentoxide ; in vacuo at 240° C. it partl}'^ sublimes and 
])artly decomposes, with evolution of bromine and formation of a violet 
residue of vanadium oxymonobromidc, VOBr. The dielectric constant 
has been investigated.^ 

No double salts of vanadyl dibromide have ] 3 een pre|)ared. 

Vanadium Oxytribromide, VOBr^j, is produced when pure, dry 
bromine is passed over vanadous oxide, V 2 O 3 , heated to redness. 
Mellowish-white vapours are evolved which condense to a deep red, 
hygroscopic liquid, density 2-9673 at 0 ° C. It decomposes slowly at 
ordinary tem 2 :)eraturcs into vanadyl dibromide and bromine, but distils 
ANuthout decomposition at 130° to 136° C. under 100 mm. pressure. It 
is much less stable than vanadyl dibromide, VOBr 2 .“ 

An oxybromide of possible constitution V 02 Br 3 . 5 H 20 is known, but 
the constitution of this compound is a matter of doubt. It is obtained 
by dissohdng hypo van adic oxide, VOo, in dilute aqueous hydrobromic 
acid. Ilvdrochloric acid under similar conditions vields the compound 
VO2CI2.8H2O.3 


Vanadium and Iodine. 

Iodine does not react with finely divided vanadium,^ nor with the 
nitride, VX, or vanadous oxide, VoOg.^ Anhydrous vanadium tri- 
iodide has not as yet been prepared. 

Hydrated Vanadium Tri-iodide, Vlg.ClIoO, is prepared by 
reducing, electrolytically, a solution of vanadium pentoxide, V 2 O 5 , in 
hydriodie acid, until the product becomes green ; more hydriodic acid 
is then added and the whole allowed to stand over lime and concentrated 
sulphuric acid at 0 ° C, Small green needles sc])aratc, which have the 
same crystalline form as the hydrated tri valent liaJidcs of titanium, iron, 
and chromium. These crystals arc extremely hygroscopic and deliquesce 
in air to a brown liquid^ which is extremely unstable. 

Vanacliuin Oxyio elides. — No definite oxyiodidcs of vanadium arc 
known, although several substances of varying composition have l:)cen 
obtained by the action of vanadium pentoxide on hydriodic acid.”^ 
V anadoiodates and v ana d op erio dates arc described on p. 90. 

Vanadium and Oxygen. 

The several oxides of vanadium have already bc'cii reierred to in the 
section describing the general properties of vanadium compounds (see 
p. 30). They are set out in the table on ]). 33. The thermal changes 
involved in their formation are discussed collectively on p. 32. 

Vanadium Suboxide, V^O. — The existence of this oxide is ex- 
tremely doubtful. It is said to be the ])rown substance first formed 

1 Loomis and Sclilundt, J. Physical Chem., lOlo, 19, 734. 

- Pvoscoe, J. Cheni. Soc., 1871, 24, 23. 

(oiin, A'/in. Ch/ini,. Phys., 1908, [viii], 14, 224. 

Meyer and Backa, Zcitsch. anory. Chcni., 1924, 135, 187. 

^ Compare preparation of Vanadium Tribroniide, j). 40. 

Picciniand Brizzi, Zeitsch. anorg. CIkihl, 1899, 19, 390. 

^ Dittc, CoDh'pt. rend., 1880, 102, 13]0; see also Gain, Ann. Chinh. Phys., 1908, [Anii], 
14, 224. 
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when vanadium is gently heated in tJie airA Hittorf ^ states that it is 
formed when vanadium pentoxide, V 2 O 5 , is redueed Avith aluminium 
by the Goldschmidt process, but other investigators have found that 
the product so obtained is a mixture of vanadium and hypovanadous 
oxide, VGA 

Hypovanadous Oxide, VO, or vanadhim dioxide, V2O2, is the 
lowest definite oxide of vanadium. Vanadium surpasses uranium in its 
power for combining with oxygen, and, as has been previously pointed 
out (see p. 16), it is an extremely difficult matter to remove the last 
oxygen atom. Hence this oxide, in addition to enjoying a separate 
existence, is j^resent also as the “ vanadyl ” radical in a large number 
of vanadium compounds. Hypovanadous oxide has been prepared in 
crystalline form by reduction of the pentoxide in a magnesia crucible 
witli hydrogen at 2500" C. under a pressure equal to 75 atmospheres A 
It is more conveniently obtained by heating vanadium oxymonochloride, 
VOCl, at a red heat in a stream of hydrogen until all the chlorine is 
removed ; tlie jwoduct of this reaction is a black, amorphous powder.^ 
A metallic, grey form is obtained, admixed Avith charcoal, when the 
mixed A'apours of A’anadium oxytrichloride, VOCI 3 , and hydrogen are 
passed over strongly lieated charcoal.^ Density at 15° C., 5-758. 

Hypovanadous oxide resembles the metal in many of its properties. 
It is insoluble in Avater, hut dissoHes in acids A\dthout CAmlution of 
hydrogen to yield the laA’endcr-coloured solutions which are character- 
istic of solutions of hypoA’anadous salts. Tliese salts are, hoAA'CA’er, 
most convejiiently prepared in solution by electrolytic reduction in an 
inert atmosphere of solutions of vanadium pentoxide in the A^arious 
acids. ^ Hypovanadous salts are isomorphous Avith salts of diAmlent 
iron, chromium, and manganese. On being treated A\'ith caustic alkalis, 
a brown precipitate of hypoAxmadous hydroxide, y(OH)2, is obtained, 
Avhich rajhdly oxidises to the greyish-green Axanadous hydroxide, V (011)3. 

Vanadous Oxide, vanadium sesquioxide, V2O3, is obtained as a 
black or greyish-black powder Avhen vanadium pentoxide, V2O5, or 
ammonium mctaAnmadate, NH4VO3, is heated in a stream of hydrogen 
at 900° to 1000° C.® Ignition of the pentoxide in a current of pure 
carbon monoxide also results in the formation of vanadous oxide. ^ 
Its density at 18° C. is 4-870, aiid m.pt. 1905° C. The electrical resis- 
tivity of the solid has been studied by Friedcrich,^^ and the magnetic 
hchaAdour by Perrakis.^^ Vanadous oxide is stable in the absence of 
air uj) to temjAeratures approaching a. A\diitc heat ; it melts unchanged 
in hydrogen. In Avarm air it glows and oxidises rajAidly to the ]X'nt- 
oxide ; on being exposed to air at ordinary temperatures for several 
months it yields indigo-blue crystals of hypovanadic oxide, VO2A- 


’ Roscoo, J. diem. Soc., ISGS, 21, 322. 

- Hittorf, Phi/sihal. Zeitsch., 1902, 4, 19G. 

^ Koppcl and Ivaufinann, Ztitveh. aiiorg. diem., 1905, 45, 352. 

Newbery and Pring, Proc. Roij. Soc., A, 191G, 92, 282. 

^ WVdekind and Horst, Per., 1912, 45, 2G2. 

Roscoc, Phil. Trati-s., 18G8, 158, 1. 

' Piccini, Zcitsch. anorg. Chem., ]S99, 19, 204 ; Piccini and Marino, ibid., 1902, 32, 55. 
® Compare Newbery and Pring, loc. clt. 

Mdivani, Ann. C'him. anal., 1907, 12, 305. 

Pricderich, Zcitsch. PJujsik, 1925, 31, 813. 

Perrakis, Co7npt. rend., 1925, 185 , 111 . 

Roscoe, loc. Clt. ; Fricdcrich and Sittig, Zeitsch. anorg. diem., 1925, 145, 131. 
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Trituration ot vanadous oxide with water results in a black, colloidal 
solution wjiich is very stable in the absence of aird The oxide reacts 
with ammonia at a red heat to produce vanadium nitride, VdT, and is 
attacked by chlorine at lowxr temperatures to give vanadium oxytri- 
chloride, VOCI 3 . The latter reaction was utilised by Briscoe and Little 
for the ]:)reparation of the vanadium oxytrichloride which they used 
for the determination of the atomic weight of vanadium (see p. 2t). 
Vanadous oxide combines with uranium trioxide, UO 3 , at 600° C., 
forming a green, normal vanadium uranated The oxide is attacked 
by nitric acid and hydrolluoric acid, but is insoluble in other acids 
and alkalis. Acid solutions of the oxide are conveniently prepared 
either {a) by reducing acid solutions of vanadium pentoxide with 
metallic magnesium, or (b) by oxidising in the air solutions of hypo- 
vanadous salts. Addition of ammonium hydroxide or of hydroxides or 
carbonates of the alkalis to the acid solutions throw’s down a greyish- 
green flocculent precipitate of vanadous hydroxide, V(OH)3, w'hich 
rapidly becomes iDrowai as oxidation proceeds. When w’ashed in an 
inert atmosphere vanadous hydroxide forms a starting material for 
the preparation of salts of trivalent vanadium. 

Hypovanadic Oxide, VOo, or vanadium ieiroxide, V 2 O 4 . — When 
vanadyl sulphate, VOSO 4 , or vanadyl dichloride, VOCI2, is treated in 
solution Avith an alkali hydroxide or carbonate, not in excess, a greyish- 
Avhite precipitate is obtained wiiich, after being Avashed in an inert 
atmosphere, is found to consist of an amorphous, hydrated hypoA'anadic 
oxide, V 02 .^^dI 20 . The number of molecules of Avater A’aries Avith the 
method of drying. When it is dried OA’cr concentrated sulphuric acid 
at room temperature its composition is expressed by the formula 
‘iVOo.THoO ; AA’hen heated to 100° C., l)y 2X00.31120. A compound 
of composition VO2.2H2O, Avhich Avould correspond to V(OH)4, has 
not been isolated. Reduction of vanadium pentoxide AAuth sulphur 
dioxide and concentration in an atmosphere of carbon dioxide yields 
a red, crystalline monohydrate, VOo-HdO,’*^ Avhich becomes green on 
exposure to air. The green product Avas originally thought to be an 
isomeride of the red compound,^ but more recently the colour change 
has been sIioami to be due to partial oxidation.'"^ The monohydrate loses 
its Avater Avhen heated in an inert atmospliere at temperatures betAveen 
200 ° and 250° C. It dissoh'es in sulphuric acid to yield an azure-blue 
solution, Avith CA-olution of 12,620 calories of heat per gm.-mol. 

Hypovanadic oxide is most conveniently obtained by heating any of 
the foregoing hydrates in the absence of air. It is also formed [a) from 
Aunadium pentoxide by heating in admixture Avith the trioxidc, carbon, 
or oxalic acid,® and {b) from vunadous oxide bA^ imolonged cxiAOSure 
to air .7 

The oxide has been Amriously described, according to the method of 
preparation, as consisting of a black or green, amorphous poAvder, steel- 
blue crystals or indigo-blue crystals. Its m.pt. is 1637° C. ; density 

^ AVegelin, Kolloid. Zeiisch., 1914, 14 , 6 S. 

- Taramann and Rosenthal, Zeiheh. anorg. Chem., 192G, 156 , 20 ; compare p. 88 . 

^ Gain, Coin.'pf. rend,, 1906, 143 , 823, 1154. 

Gain, ibid., 1907, 146 , 403, 

^ Parisi, Gazzttia, 1926, 56 , S4.3. 

^ Berzelius, Pogg. Aivnalen, 1831, 22 , 1 ; Guyard, Bull Soc. cliim., 1876, [ii], 25 , 351 ; 
Ditte, Comjd. rend., 1885, loi, 1487 ; Crow, J. Chem. Soc., 1876, 30 , 454 . 

" Roscoc, ibid., 1 S 6 S, 21 , 338. 
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at 13" C.. 4*390.^ Its magnetic properties liave been investigated. “ 
It is oxidised to the pentoxide on being heated in air and by nitric 
acid. 

Hypovanadic oxide is am])hoteric. It dissolves slowly in acids 
other than nitric acid to give solutions of vanadyl salts, as, for example, 
vanadyl sulphate, VOSO^. These solutions arc more conveniently ]:>rc- 
pared by the partial reduction of acid solutions of vanadium pent- 
oxide. The reducing agent employed must, of course, be one with 
whiclT reduction ceases on the formation of the tetravalent salt ; 
sulpliur dioxide, nitrous acid, phosphorous acid, the halogen acids, and, 
under definite conditions, sugar, and alcohol, are available for the 
purpose. The solutions so prepared are blue, become green after 
exposure to the air, and deposit blue hydrated salts on being concen- 
trated ; the anhydrous vanadyl salts are either brown or green. 
Vanadyl compounds undergo reoxidation to vanadic acid by the action 
of bromine, potassium permanganate, potassium ferricyanide or sodium 
peroxide in alkaline solution. Hypovanadic oxide appears to be too 
weakly basic to give rise to stable salts of the type VX^, in which four 
acid groups arc attached to a vanadium atom. The tetraQuoride and 
tetrachloride of vanadium, VF 4 and VCI 4 , have been prepared, but they 
undergo very ready hydrolysis to VOF 2 and VOCI 2 respectively. The 
vanadyl salts have the general formula VOX. 3 , and ionise in solution 
to give the vanadyl cation, [VOJ“, which is analogous, for instance, 
with the uranyl cation, lUOo]”.’^ Hypovanadic acid imitcs with many 
organic acids — formic, acetic, oxalic, malonic, tartaric, citric, benzoic, 
succinic, and salicylic — to form stab.leg-’*cm<iy^^^ cases, crystalline 

compounds.'^ ' ' '' ^ \ ^ ^ 

. fljjphva?/ ((dates or VanacUies . ' ‘ ' “ ' " " ^ 

In addition to being soluble in acids, hypovanadie oxide dissolves 
in excess of Jiot alkalis. Cooling these solutions in the absence of air 
gives rise to a series of crystalline hypovanadates or vanadites. Insoluble 
vanadites are ibrmed by double dccoi'n})osition ot a metallic salt and 
an alkali vanadite ; they usually j)osscss the general ibrnuda R^V^Oq. 
jdloO, and are perhaps salts of the hypothetical acid HoV^^Oj^. They 
arc comparable to the salts produced by other weakly aetd oxides, e.g. 
iiranatcs, metatungstates and borates, in that the acid oxide has under- 
gone condensation to a ])ol_y-aeid. 

Vanadites arc either black or brown in the solid state. Tliey become 
green in damp air, and in solution readily undergo oxidation to the 
eorresponding vanadates. Addition of tannin solution ])r()duces a 
blue-black coloration. Lead acetate throws dowji a curdy, brown 
])recipitatc ; silver nitrate gives a black, crystalline precipitate. Accord- 
ing to Crow ^ the latter has the composition of a silver vanadite, in which 
there arc, however, only two molecules of acid oxide in combination 
with one molecule of the base, AgvO.'iVTIo ; but according to Koppcl 
and Goldmann ^ the ])rccipitatc consists oJ‘ a mixture of silver vanadate, 

' Jtoscoe, h)C. ell. ; Friedciricii aiul Sitlig, Joe. ell. 

- JVrrakis, (Junb'pt. rend.. 1.925, 185 , 111- 

.See this seilcs, Vol. V.LI., .Part 114. (192(.)), p. 2S7. 

^ (iain, Ann. Clmn. /Vpys., 1908, [viiij, 14, 224 ; Derzdiii.<<, Annidoi, 1S31, 22, 1. 

^ Crow, J . Ckon. Aoc., 187G, 30, •1()2. 
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silver vanadite, and metallic silver. The following vanadites have been 
prepared - 

Ammoniuvi Variadite, (XI-l4):,V,jOc,.3H20.— A solution of a vanadyl 
salt, e.g’ vanadyl dichloride, VOCl^, is slowly added in calculated (quan- 
tity to boiling concentrated ammonia solution. On cooling iii the 
absence of air, golden-brown, glistening needles or scales are deposited, 
readily soluble in water but insoluble in alcoiiol, ether, or ammonia. 
The substance gradually loses ammonia on exposure to air.^ 

Barium, Vanadite forms two hvdrates, EaV.iOcj.tJIoO and BaV^Og. 
5 HoO, which are obtained by the action of excess of ]:)aryl'a water on 
a solution of vanad\d dichloridc.” The\- are bix^wn, amorq:)hous sub- 
stances, easily soluble in nitric and hydrochloric acids. 

Lead Vanadite, PbV205 or Pb0.2V02, is obtained as a brown, curdy 
precipitate by the action of lead acetate on potassium vanadite.^ 

Potassium Vanadite, K2V4O9.4II2O. — A boiling solution of a vanadyl 
salt is poured into an excess of a 10 per cent, solution of caustic potash 
and the product cooled in the absence of air. Alternatively, a solution 
of ammonium vanadite is warmed with caustic potash. Potassium 
vanadite forms a brown, pearly, glistening mass, and is similar to the 
ammonium salt in its general properties.^ A hcptaJnjdrate, 1x2X409. 
THoO, has been reported,^ 

Sodium Vanadite, Na2V409,4'Il20, forms golden-brown needles, and 
is prepared similarly to the corresponding potassium salt.^’ Brown, 
crystalline scales of a lieptahydrate, Xa 0^^409. TiToO, liave also been 
reported.'^ 

Intermediate Oxides. — Oxides which arc intermediate between 
hypovanadic oxide, VO 2, and vanadium pentoxidc, V2O-, are known. 
By the partial reduction of vanadium ])entoxide, or by the q^iartial 
oxidation of one of the lower oxides, there liavc been ]me])arcd a number 
of oxides which are best considered as being formed In' tlie combination 
of the acidic vanadium pentoxide with a lower basic oxide in varying 
molecular proportions. These oxides react with alkalis, and yield a 
series of salts called vanadyl vanadates, intermediate in composition 
between the vanadites and the vanadates. 

2VO.V0O5 is produced as a dark blue, crystalline powder when either 
vanadium pentoxidc or ammonium meta^'anadatc is heated with excess 
of qoowdered arsenic, or when ammonium metavanadatc is reduced with 
sulphur dioxide at a red heat. It dissolves in nitric acid to a blue 
solution.® 

dVOo.VoOj is obtained as a dark blue or black j^iowder with a metallic 
lustre by dissolving vanadium ])entoxidc in caustic ])otash.^ 

2VO2.V2O5 also results as deep blue crystals on heating ainmonium 
metavanadatc which has ]3rcviously been fused and cooled. It is stated 
that the fused substance does not furnisli vanadium ])cntoxidc on being 
decomposed.^^ The residue is extracted with concentrated ammonium 
hydroxide solution and the oxide jU'ccipitatcd by addition oT water. 

^ Koqyije] awl Golchaann, Zeitscli. ftnorg. Ch.eni., ].9o:>, 36, 201 ; Crow, ./. Chem. Soc., 
1870, 30, 462; Mawrow, Zeitdch. anorej. Chew,., 1907, 55, 147. 

“ Koppcl and Goldmann, loc. cit. ; Crov/, loc. cit. ^ Ci’ow, loc. cAt. 

Koppel and Cioldmann, loc. cit. 5 (p^-Qw, loc. cit. 

^ Kopped and Goldmann, loc. cit. Crow, loc. cit. 

Ditte, Comfd. rend., I880, loi, 698, 1487. 

° r^Ianasse, Chem. Zentr., 1886, 773. 


^0 Compare p. 54. 
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The product is sligiitly soluble in concentrated nitric acid and is readily 
attacked by liydrochloric acid. It is a little doubtful if the oxide 
prepared in tins manner is not an anunonium vanadyl vanadate.^ 
A dark preen hydrate, G\'^02-»3V20-.8ir20, has been o])tained by the 
pcntle ipnitioii of ammonium vanadvl vanadate, 3{XH4)o0.4'\^0o. fVo05, 
61120 . 2 ^ 

VO2.V2O5.4II2O results on the exposure of vanadous oxide, V2O3, 
to air for several months.^ 

Several other purple, green, or orange intermediate oxides of doubtful 
composition have been reported.^ 

V cuiado-va ) } a da tes . 

These salts are made by reducing hot solutions of alkali vanadates 
with sulphur dioxide ; after addition of acetic acid they can be salted 
out by addition of alkali acetate.^ The following are known : — 

(NH4)o0.4V02.2V205.14lT20 . Greenish-black crystals. 

3{XIl4)o0.4V62.4V205.Cll20 . Purple crystals with metallic lustre. 

(XfH4)20.2V02.4y265.8n26 . Green crystals. 

2K26.4VO2.V2O-.6H2O . . Greenish-black crystals. 

5KoO.4VO2.4V2O5.lI2O . . Purple crystals with metallic lustre. 

2Xa20.4V62.V205.13il20 . Plack, shining, hexagonal prisms. 

In addition to the above, several vanado- vanadates have been 
prepared by fusing alkali carbonates, borates, phosphates, silicates, 
arsenates, etc., with vanadium pentoxide in air. The fused inass 
evolves oxygen during cooling, and '' spitting ” of the material takes 
place. The phenomenon recalls the behaviour of solidifying silver. 
On again heating in air, oxygen is re-absorbed and acid vanadates arc 
produced. The evolution of oxygen is accompanied by reduction of a 
portion of the vanadium ]:)entoxidc content witli formation of the 
vanado-vanadatc. Tlic reaction is represented : 

vR- 20.^X205 iiR' .p.{y 4 -r zO. 

Hot. CoJei. 

The oxygen is liberated between the upper limit of stability of the 
vanado-vanadatc and the point of solidification oi‘ the fused mass. 
Tlic ]n’ojjortion of oxygen evolved is inde})cndcnt of the anion with 
which the metal is combined. The alkali salts can be substituted l)y 
thallium compounds but not by alkaline earth oxides. Investigation 
shows that for each base there is a definite vanadium pentoxide content 
for which the evolution of oxygen is a maximum.^' Phase diagrams 
Jbr the systems V2O5— Xhi20, V2O5—K2O, V2O5— LioO, and V2O5 
- TloO show that in each case three dclinitc com])ounds are foisued, 
corres])onding to the nieta-, pyro-, and «97t//o-vanadates. Ry tlic fore- 
going method the following salts have liccn jireparcd : ” Gl 4 o 0 . 2 VOo. 
IIV2O5; 4Li2O.2VO2.TV26,; Xa 20 . 2 V 02 . 5 V 205 ; Xa 20 . 2 V 0 ;. 4 V 20 ;; 

^ Ditto, loc. cit. “ Bricrley, T. Clieni. Soc., ISSG, 49, 30. 

^ 'Bri(u'loy, loc. cit. .Berzc4ius, Pogg. Annahn, 1831, 22, 1. 

^ Brierley, loc. cit. ; (iibbs. Amor. Chcin. J., 1886, 7? 209. 

(!annori, Cazz(dfa, 1028, 58, G. 

' Canneri, loc. cit. ; Drancltl, Ber., 1906, 38, Go7 ; Prandtl and Mursclihanscr, Zcitsch. 
anorg. Chem., 1907, 56, 173 ; 1908, 60, 441 ; Haiitcdouille, Compt. rend., 1880, 90, 74d. 
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K„0. 

‘2V,6. ; 


N£u 0 .V 0 .,. 2 V .,05 : 3Xa.,0.2V02.5V,0g ; K20■2^ Oo.8\ oOg ; 

2yd.,.5V.,b- ; 2K.,0.2V0."9V.,0g: lv.,0.2VO„.4V,Og ; KoO.VOc 

A,U20.2Vb2MV205. _ , . . ^ 

ALm;Klo-\’anadate.s can also be obtained by lu.sing alkali vanaditcs 
willi nieta\'anadates, when no oxidation or loss ol oxygen takes plai^. 
This j)roecss has furnished two salts, ^ Na20.2\ O 2 .T gOg and Iv 2 'J. 

2VO.,.V,Og- 


Vanadium Pentoxide, vcmadic oxide, or ranadic anhydride, V 2 O 5 .— 
This is one of tlie coninionest of the compounds oi vanadium, and 
constitutes the starting material for the ibreparation ol many other 
\’anadium compounds. Its manufacture on the large scale, as a stage 
in the industrial production of ferro vanadium and metallic vanadiuin, 
has been descriloed on ])p. 14 et seq. A laboratory method lor its 
extraction from vanadium minerals is as follows : The mineral is 
roasted strongly with a mixture of sodium carbonate and potassium 
nitrate. The aqueous extract of the fused product, which contains 
alkali vanadates together with the alkali salts of other acids, is first 
]ieutraliscd witli nitric acid, to precipitate silicic acid and aluminium 
hydroxide, and then concentrated until most of the })otassium nitrate 
is crystallised out. The mother-liquor is heated with barium chloride 
and ammonium hydroxide, whereupon barium vanadate, chromate, 
])i)osj)liate, arsenate, molybdate, tungstate and sulphate separate out. 
Treatment of these barium salts with sulphuric acid liberates the free 
acids, wliich are carefully neutralised with ammonium hydroxide and 
concentrated. The further addition of ammonium hydroxide at this 
stage yields white, crystalline ammonium metavanadate, NIl-iVO^, 
which is purihed by repeated crystallisation. On being heated in a 
])latinum crucible with access of air, ammonium metavanadatc decom- 
])ose.^ with formation of red, amorphous vanadium pentoxide, ammonia., 
and water : 

2NIl4V03=V2034-2NH3-fnoO. 

Jly dissolving the residue in caustic soda and repeating the precipitation 
and decomposition of ammonium metavanadate, a pure product (‘an 
i>e obtained. It is necessary for the ammonium metavanadatc to be 
qnne Iree even Irom traces of organic matter, chlorides, phos 2 )liates, 

( tu., as otherwise a mixture of the pentoxide and the lo\ver oxides is 
ontamed on ignition. 

C Iwmically pure \’anadium pentoxide is alternativelv prepared by ])re“ 
(-./-.aLiiig insoluble mercurous vanadate, ITgV 03 , .from a neutral solu- 
vS-in o. a Aumadatc, and distilling off the mercury, or by ignition of 
volatile acids, for examjble, vanaeliuin oxvtrieldoridc, 

: : results from the oxidation of any of tlic lower 

^ a clectiolysis ol a solution of sodium vanadate or e(jj)})er 

w..auuuv using a divided cell; the last method vields a product of 
O'- a.c-r Cent, puritv.- " 

acids to solutions of vanadates, or by 
•-.u ukawMiNsiso vanadium oxytrichloride, a reddish-brown, gelatinous 
o. hxdrated vanadium pentoxide is obtained. This is very 
■ : ri. 1928, 58 , 6 . 

: w:. soriTv’ 9, 501; Fischer, Trans. Amer. FJectrochem. Soc., 
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similar in appearance to ferric liydroxiclc, Fe(OII) 3 , and on examination 
is found to consist of very fine particles which cannot be washed free 
from the mother-liquor without undero’oing peptisation to a colloidal 
solution. The prc])aration and properties of colloidal vanadium pent- 
oxide are dealt with on p. 58. 

Vanadium pentoxide can be obtained in two modiilcations : (a) red 
crystalline; {b) red or yellow amorphous. 

{a) The red, crystalline variety is obtained from the amorphous 
form by fusing in a porcelain or platinum dish. After cooling, the 
mass is found to have decreased in volume and to have solidified to an 
intensely coloured, glistening mass of ruby-red, rhombic crystals, from 
3 to 4 cm. long and from 2 to 3 mm. broad. ^ Blcecker describes the 
solid mass as consisting of needles, arranged parallel and extending 
inward perpendicularly to each surface ; the ends of the crystals meet 
at 45"^, and a vertical section has the appearance of three pyramids 
each with its base extending outwards.- The X-ray diffraction pattern 
has been examined.^ 

An alternative method for the preparation of crystalline vanadium 
pentoxide consists in heating a mixture of the amorphous oxide and 
calcium fluoride to red heat in an open crucible over which is suspended 
another crucible, inverted, to act as a receiver. The inside of the latter 
becomes coated with shining, needle-shaped, yellow crystals, which also 
become reddish-brown on being heated.^ 

Eva^Doration of tlie hydrochloric acid solution of the red, amorjflious 
oxide may also give rise to crystals.^ 

The density of the crystalline oxide at 2(Y C. is 3*56 ; ^ other deter- 
minations gave 3*32 at 15" and 3*357 at 18"^ 0.”^ The oxide is not hygro- 
scopic even after prolonged ex])osure under ordinary conditions. Its 
saturated solution in water contains 50 mgm. per litre, ^ but the solubility 
is affected by the state of aggregation of the solid and by its tendency 
to form a hydrosol ; trituratioji has given a sol which contained 910 
mgm. per litre.^ 

(5) The red, amorphous form of vanadium pentoxide is the form 
most frequently met with in the laboratory. Its preparation has been 
described above. It melts at G58° or 075’^ to a dark red liquid, 
but is not volatile even at high temperatures ; it can be va])oriscd only 
in the electric furnace.^- The fused solid conducts electricity, with 
ibrmatiori of hy{)ovanadic oxide, the electrical conductivity has 

been measured. The oxide absorbs water on exposure to the air, the 

^ Ditto, Compt. re.nd,, ISSl, loi, (>98, .1,487 ; Salarik, K.Aluid. It/.y.s. Wlfi/i, 

33, 1; Xordonskiold, For/(j. AnnaU.n, .18(31, II 2 , 1(30 ; .Id-andtl and Bloyor, ZtiUch. 
arior(j. Chou., 1910, 67 , 237. 

- Blcecker, Met. Chon. Eng., 1910, 8, GGC ; see also Thorpe, J. Chon. Soc., 1880, 
37. 348. 

^ Binne, Zeiisch. Kryst. Min., 1924, 60 , 55. 

Brandtl and Manz, Ber., 1911, 44 , 2582. Blcecker, loc. cit. 

Safarik, S Ltzif//i(/.sb(ir. K. A bad. ItXw. Wien, 180.3, 47 ? 250. 

" W(‘dckind and Horst, Bcr., 1912, 45 , 205 ; .Prandtl and .Bloyor, loc. oil. 

^ Ditto, loc. cit. 

Wogelin, Kolloid. Zdtsch., 1914, 14 , 07. 

Carnclly, J. Chon. Soc., 1S7S, 33 , 279. 

’’ CaniKna, Cazzeila, 1928, 58 , 0. 

^loissan and Holt, Co-m/jd. rend., 1902, 135 , 78, 493 ; compare Read, J. Chon. Soo.^ 
1894, 65 , :U3. 

Bull’, Annalen, 1859, no, 270; .Bleekrodc, ^Y^ed. Annaloi, 1878, [ii], 3 , 171. 

rriodcrich, Zcitsch. Phyob, 1925, 31 , 813. 



amount taken up depending on the vapour-pressure of the surrounding 
atmosphere. The v'ater of hydration can be removed by careful 
heating to 300^ C.“ The dried oxide feels greasy to the touch and 
discolours the skin slightly. Its saturated solution contains bcUveen 
0*90 and 1*25 gram per litre." The density of a solution containing 
0*90 gram per litre is 0*9988 at 20'' C. and 0-99T8 at 26" C. The adsorptive 
power of vanadium pentoxide for helium, oxygen, hydrogen, carbon 
monoxide, and carbon dioxide at different temperatures has been 
measured.^ 

The yellow, amorphous variety is unstable and its identity is a 
little doubtful. It is stated to be obtained sometimes from tlie red, 
amorphous form by evaporation of a solution of the latter in hydrochloric 
acid, and it may also result from the ignition of ammonium meta- 
vanadate or from the decomposition of vanadates by acids. According 
to Bleecker it is most conveniently prepared by the electrolytic decom- 
position of copper vanadate.^ It becomes brick red on being heated, 
and is similar to the red variety in its general properties, except that 
it appears to be less hygroscopic and less soluble ; its saturated aqueous 
solution contains between 300 and 400 mgm. per litre.*' 

Vanadium pentoxide dissolves in acids, both organic and inorganic, 
to form vanadyl or unstable vanadic salts,” and in alkalis to produce 
ortho-, pyro-, meta-, and poly-vanadates. The physico-chemical 
changes involved when vanadium pentoxide is heated with various 
basic oxides in the powder state have been investigated by Tammann.® 
On being digested with liquid ammonia slow absorption of ammonia 
takes place ; the composition of the product has not been definitely 
established.'* The oxide also dissolves in alcohols to produce esters, 
and combines with mcthylamine and ethylamine to form compounds 
of the type 2 (R.KH 2 )-VoC 35 , where R represents the alkyl radical. 

Vanadium pentoxide is a powerful oxidising agent, and undergoes 
reduction in stages depending on the reducing agent employed and on 
other conditions of the process. In the absence of moisture it is reduced 
to hypovanadic oxide, ^ 02 , by sulphur dioxide, red phosphorus, and 
ammonia, while dry hydrogen, carbon monoxide, sulphur, and potas- 
sium cyanide, at varying temperatures and atmospheric pressure, ^deld 
vanadous oxide, V 2 O 3 . Hydrogen at 2500° C. and 75 atmospheres 
pressure yields hypovanadous oxide, VO. In acid solution reduction 
of vanadium pentoxide to the tetimvalent state, which is characterised 
by the appearance of a blue colour, can be effected witli quite a large 
number of reducing agents : sulphur dioxide, hydrogen cliloride, 
hydrogen bromide, hydrogen iodide,^“ hydrogen sulphide, nitrous acid, 

^ Treuiidlicli and Leonliardt, Kollo idche'in. BeiheJU, lOUl, 7, 188. 

“ niccckcr, loc. C'lt. 

^ Gessner, Kolloidchem. Beihefte, 1924, 19, 213 ; Dittc {loc. ciL) gives 0 8 gjnm pei- litre. 

Benton, J. Amcr. Chem. Soc., 1923, 45, 893. 

Ditto, loc. cit. ; Bleecker, loc. at. 

Bleecker, loc. cit. 

' Bisclier, Traros. Anier. Electroche-}ti. Soc., 191 G, 30, 190. 

® Tainmann and Hadsing, Zeitsch. anorg. Clitiu., 1925, 149, GS ; see also do Carli, Aiti 
R. Accad. Lincti, 1925, [vi], i, 533. 

^ Ephraim and Beck, Htlv. Chvm. Ada, 192G, 9, 38. 

Brandtl and Hess, 7jtiUck. anorg. Chem., 1913, 82, 103 ; Hess, J. Soc. Chem. Ind., 
1914, 33, ^>^2. 

Ditte, Coavpl. rend., 1887, 104, 1844. 

Gooch and Gurtis, Am.tr. J. Sci., 1904, [iv], 17, 41. 
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phosphorous acid, oxalic acid, tartaric acid, lactic acid, citric acid,^ 
h\xlraziue, liydroxylamine, alcoliol, formalin, sugar,- ferrous sulphate, 
sodium tluosuljihate, and mercury. Siilpluir dioxide is most commonly 
cm])loyed for the reduction : it works slowly in the cold but rapidly 
when the solution is heated : ^ 

Vo 05 -r^<^ 2 --- 2 V 02 ~S 03 . 

Excess of sulphur dioxide can be removed by l:>oiling in an atmosphere 
of carbon dioxide. In the presence of suspended carbonaceous matter 
reduction may proceed to the trivalent stage. With mai'13’' 
above-mentioned reagents reduction proceeds cpiantitatively, so that 
vanadium pentoxide can be employed for the estimation of the reduc- 
ing agent, e.g. for hydroxylaniine and hydrazine alternatively, these 
suiastances become available for the estimation of solutions of vanadium 
pentoxide and of vanadates. l)iy hydrogen cliloride in the presence of 
a dehvdrating agent does not reduce vanadium pentoxide, but forms 
vanadium oxytri chloride : ^ 

y 0O5 -b 6IIC1 —X 2 YOGI 3 -I- 3 ir oO . 

Concentrated solutions of hydrochloric acid, hoavever, dissolve vanadium 
pentoxide with the production of an intense brown coloration ; addition 
of water gives a yellow solution which evolves chlorine on being warmed, 
the solution becoming blue : 

Vo05-!-2nCl:^2Y0o-CloH-H20. 

This reaction is reversible, so that for complete conversion to the tetra- 
valent state the concentration of the hydrochloric acid must ])e main- 
tained. llepeatcd evaporation of the solution to dryness gives a 
residue of hypovanadic oxide, YOo.'^ Yolatilisation of the vanadium 
to a small extent as oxychlorides may also take ])lacc.'^ Dilute hydro- 
chloric acid has no reducing action on vanadium pentoxide. Hundcs- 
hagen ^ has observed that the solution of vanadium ]K;*ntoxidc in 
hydrochloric acid dissolves gold and other noble metals. If the solution 
is neutralised, the gold is ])reci])itated as a greyish-violet p>o\\xler, which 
redissolvcs on adding more acid. The reaction is expressed : 

3YOCI3 + All 3 YOC 1 o + AuCl 3. 

Alkaline. Acid. 

With hydrobromic acid and hydriodic acid reduction may ]:)rocccd 
to tlic trivalent state, and it has been show'n that in the |>rcsence of 
acetic acid, hydrazine also jiroduccs vanadous oxide, YoO.j, instead of 
hyjiovanadic oxide, YOo : 

Yo05Yir2^^-^^ii2--Vo03-;-No-i-2iroO. 

^ Bi'owiiing, Ze.iUsch. anorg. Chem.., lSO- 1 , 7 , 158. 

- Ko|)])el and .Bchrc ndt, ibid., l()U‘k 35 , 1.50. 

^ Congnre j:)p. 90 ct scq. 

Hc)finann and Kii.spcrl, Ihr., 1898, 31 , 04 ; Knorre and Arndt, ilild., 1900, 33 , 80. 

^ Jg)Iirann, Zeib^ch. a/iorg. CIk///).., 1908, 35 , 00. 

Gcocli and Curtis;, ihUL, 1904, 38 , 2-10; Anchy, J. Jnd. Eng. Chcin., 1909, i, 455 ; 
Edear, J . A'lritr. CJicni. Zoc., 1910, 38 , 280)9. 

' Aucrbacli and J.ango, Zc.iL-n'h. ungair. Chaiii., 1912, 25 , 2522. 

® Hundcsliagen, Clicm. Zeit., 1905, 29 , 799. 

^ l)itz and Baialach, Zeitc^.cli. annrg. Clu'ni., 1915, 93 , 97 ; Edgar, loc. cit. 

Me 3 'cr and IMarkowitz, ibid., 1920, 157 , 238. 



I , I reduces peiitavalent aiid tetra valent vanadium salts 
lo t u- tn\ aJcnt state in the presence of sponoy platinum. i 
\\ dll inercury the following reaction takes place: - 

V205d-2irg^3II,S04=2VOSO,d-Hg,SO,+3n,0. 

'I'lie cspiilibria for tri-, tetra-, and ] 3 enta-valent vanadium in sulphuric 
cKid solution have been studied by Auo’cr.^ 

^ ^^^^^‘^'^drated acid solutions ot vanadium j^entoxide are redueed to 
u 1 c li cv\ alent state by hydrogen peroxide, tlie peroxides of sodium, 
Mi ium, magnesium, and by persulphates of potassium and ammoniumd 
Acid solutions oi vanadium pentoxide give rise to pervanadic acid with 
hydrogen peroxide. 

Reduction ol acid solutions of vanadium pentoxide to the tetra- 
\ alent state also takes place with bismuth amalgam ; ^ magnesium gives 
the tri valent salts oi vanadium,^ wdiile by using zinc, zinc coated with 
cadmium, elcetrolytically deposited cadmium, or sodium amalgam in 
the absence ol air, divalent vanadium salts are obtained in solution.'^ 
Vanadous salts and hy 2 )ovanadous salts are, however, much more 
conveniently prepared ])y electrolytic reduction of acid solutions of 
\uinadium pentoxide in an atmosphere of carbon dioxide.® 

\ anadium pentoxide becomes markedly photo-sensitive when 
imnua’sed in glycerol, benzaldehyde, cinnamic aldehyde, cuminol, or 
acpieous mannitol solution, and exposed to light. It blackens and 
undergoes reduction, giving rise, initially, to hypovanadic oxide, VOo. 
\\ ilh acpieous solutions of citric acid or tartaric acid carbon dioxide is 
(‘volvcd during the change.''^ 

Molten vanadium pentoxide is a corrosive substance and attacks 
most containers even when made of platinum, fused silica, or graphite. 

('oUoided Vanadiuvi Penioxided ^ — When a soluble vanadate is treated 
with mineral acids, a red, curdy form of vanadium pentoxide is pre- 
eij)itated, which, on being shaken with water, appears to dissolve to a 
red liepiid. This reaction gives rise to the following usual method for 
making a colloidal solution : Ammonium metavanadate, XH 4 VO 3 , is 
made into a paste with 10 per cent, hydrochloric acid of 10 per cent, 
eoneeiitration, and the resulting gel of vanadium pentoxide is w^ashed 
repeatedly on the lilter witli distilled water until it assumes the colloidal 
lorni, i.e. until it is peptised, and in consequence passes through the 

^ (Jail and Mancliot, Ber., 1925, 58, [B], 482. 

“ McCay and Anderson, J . Chevi. Hoc., 1922, 44, 1018. 

Auger, Co7/L_i)t. rend., 1921, 173, 30G. 

Auger, ibid., 1921, 172, 1355 ; Cain and Hostetter, J. Amer. Chera. Hoc., 1912, 34, 

274. 

Someya, Zaiisch. anorg. Cdiem., 192G, 152, 3GS. 

Roscoe, J. Clie'ni. Hoc., 1868, 21, 322 ; Cooc'h and Gilbert, ZeilncJi. anorg. Chem., 
1903, 35, 420 ; Glassinann, Ber., 1905, 38, 600, G05 ; but compare Goocli and Edgar, 
A rner. J. Hci., 1908, [iv], 25, 233. 

' Cliajjinan and Law, Arudyst, 1907, 32, 250; Treadwell, Hdv. CJdni. Acfa, 1921, 4, 
5G3 ; 1922, 5, 739. 

Biccini and Brizzi, Zeitsch. anorg. Clmn., 1899, 19, 394 ; Bultemann, Zeitsch. EleJdro- 
cJtcm., 1904, 10, 141 ; Renschlcr, ibid., 1912, 18, 137 ; Piccini, Zeitsch. anorg. Chtm., 
1899, 19, 204 ; Piccini and 5Iarino, ibid., 1902, 32, 55 ; sec also p. 34 (this volume). 

•' Benz, Hdc. Clihn. Acta, 1921, 4, 9G1 ; Gibbons, Chenn. Xeivs, 1874, 30, 2G7. 

Bleecker, Aid. Chern. Eng., 1910, 8, GG6 ; Mdivani, Ann. Clmn. anal, 1907, 12, 305. 

A review ol' the history and prex:)aration of colloidal vanadium x^<-'ntoxide is given 
by Gessner, Kollo idchem. Beiheftc, 1924, 19, 213. 
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filter. On shaking the residue at this stage with a large quantity of 
water, a beantiful, clear red hydrosol is obtained,^ Vanadium 
pentoxide hydrosols have been ]:>repared also : (a) By hydrolysing the 
organic esters of vanadie acid ; ^ {b) by pouring fused vanadium 
pentoxide into water ; (c) by passing the vapours of vanadium 

oxytrichloride, yOCl 3 , into boiling water. The Hakes of vanadium 
2 :)entoxide produced are treated with a large quantity of distilled water. 
Sols prepared by these methods vary in colour from blood red to reddish- 
brown, but Wegelin also prepared a canary-yellow sol by prolonged 
trituration of the reddish-brown crystals of vanadium pentoxide 
obtained by slow cooling from the molten state. ^ 

Vanadium pentoxide sols may contain up to 1*25 gram of vanadium 
pentoxide per litre. They do not undergo change on being boiled with 
water, and are not precipitated by addition of alcohol. The particles 
are negatively charged, and on being electrolysed move towards the 
anode ; the hydrosol behaves like solutions of vanadates and vanadium 
pentoxide in that it yields the ions of polyvanadic acids. The sol is 
very sensitive to the action of electrolytes, relatively low concentrations 
of wdiich are sufficient to produce clouding within a few^ minutes. The 
llocculation value ^ as a rule is lower the greater the value of the pre- 
cipitating ion. Addition of several drops of mineral acid or of other 
electrolyte is followed by immediate adsorption of the positive ion with 
formation of vanadium pentoxide gel. If nitric acid has been added 
the gel can be reconverted into the sol with water — that is, the gelation 
is reversible ; if sodium chloride or calcium chloride has been used the 
gel cannot be re-solated. \Vhen treated with suitable concentrations 
of electrolytes a vanadium pentoxide sol sets to a stiff jelly. In 
these sols there is always a small amount of the oxide in molecular 
solution. This ])ortion is not thi'own down by electrolytes, and ])asses 
through a dialysing membrane. The relative flocculation values witli 
some inorganic salts have been determined,*'^ and the cataphoresis at 
small electrolyte concentrations has been measured. Stiff, transparent 
gels of vanadium pentoxide have been ])repared from its hydrosols 
by coagulation witli a suitable electrolyte, or by dialysis ; hydrosols 
of the vanadates of manganese, iron, aluminium and zinc can also be 
used. 

Vanadium pentoxide sols can be employed to bring about coagulation 
of positively charged colloids ; for example, ferric hydroxide and alu- 
minium hydroxide. The amount necessary for the coagulation of a 
gi\xm quantity of the positive colloid is very small in conijiarison with 
the required quantities of arsenic trisulphide, antimony trisulphide, 
and other negative colloids. It appears, therefore, that the colloidal 

1 J3iltz, Be-r., 1904, 37 , 1098. 

- Kiedel, ClieuL. Ztntr., 1914, [i], 1738. 

Muller, Kolloid. Zeitsch., 1911, 8 , 302. 

Wegelin, Zeitsch. Chem. Ind. KoLLoidc, 1912, li, 25. 

W'egelin, Kolloid. Zeitach., 1914, 14 , 05. 

^ ( icssner, loc. cit. ; compare Wegelin, loc. cit. 

Durnanski, Kolloid. ZeiUch., 1923, 33 , 1-17 ; Oslerman, Clitm. Zrnir., 1923, I, 39G. 

“ UJio llocculation value is the minimum concentration jvfiuired lor tnr)>idity in a 
definite time. 

^ Freundlieli and Letmliardt, Kolloidchoii. BciKfte, 1915, 7 , 195 ; Uliosh and Dliar, 
J. Phij.ncal Ckc.nl., 1927, 31 , 187, 049. 

Ivanitskii and Proskurnin, Kolloid. ZeiUxh., 192(.), 39 , 15. 

Ghosh, Chakravarti, and Dhar, ZeiUch. an.org. Chtni., 192(1, 152 , 399. 
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particles of vanadium ])cntoxidc carry a relatively much larger electrical 
charge. 1 The pcntoxide sols on being treated witli reduciug agents 
funhsh tlie sols of lower oxides of vanadium, which arc also found to 
‘be negatively cliarged/*^ The viscosity of vanadium pentoxidc sols has 
been investigated.^ 

Vanadium pcjitoxide sols display peculiar optical phenomena. A 
freshly prepared sol is quite clear ; after ageing, however, the sol, on 
i)eing stirred and observed by retlected light, appears to be filled with 
yellow, shining streaks, as thougli line crystals were floating in it. 
When viewed by transmitted light the aged sol appears to be clear, 
although peculiar dark streaks can be clearly seen. On being further 
examined between crossed Xicols, the aged sol exhibits the striking 
property of double refraction ; the field remains dark so long as the sol 
is not disturbed, but stirring, or placing the sol in a magnetic or an 
electric held, causes it to become bright at once."^ The double refraction 
produced is so strong that if a concentrated sol is caused to flow through 
a tube of triangular cross-section which is used as a prism, it is able to 
split up spectral lines ; the red hydrogen line, for instance, is resolved 
in this manner into two oppositely polarised lines.^ Plates showing the 
appearance of vanadium pentoxide sols under the ultramicroscope and 
in polarised light are given by Zocher.^ 

A possible explanation of the cause of the double refraction is 
afforded by examination of the freshly prepared and aged sols under 
the ultramicroscope. The freshly prepared sol contains only sub- 
microns below the limits of ultramicroscopic visibility ; on ageing, 
however, the concentration of the molccularly dispersed vanadium 
pentoxide decreases, and there begin to grow in the sol elongated, 
rod-like needles the length of \vhieh is approximately thirty times 
the diameter. These new particles arc unquestionably crystalline, 
and possess slow Brownian movement, but tlieir formation is not the 
ordinary process of crystallisation, because the ageing of the sol is also 
accompanied by changes in the dielectric constant,” the specific inductive 
capacity, s the electrical conductivity,*'^ the sensitivity towards electro- 
lytes, and the viscosity. The growth of the rods is due to the aggre- 
gation of non-spherical ])rimary particles in parallel layers.^^- AVith 
further ageing the red colour of the sol finally changes to yellow, and 
yellow solutions are devoid of colloidal particles. It is generally thought 
that the phenomenon of double refraction is due to the ap])earance of 
these ultramicroscopic needles, the longitudinal axes of which become 
orientated so as to be coincident with the ojflical axes when the sol is 

^ Freundlicli and Lconhardt, loc. cit. 

- Dumanski, Kolloicl. Zeitsch., 1923, 23, 147. 

^ Gessner, Kolloicl chern. Beihcfte, 1924, 19, 213 ; Chakravarti and Dkar, Zeilscli. avorg. 
Cheni., 1920, 152, 393. 

Freundlich, Zeitsch, Klehiwcliem., 1916, 22, 27. 

^ Freu7idlicli, Fhysihal. Zeitsch.^ 1915, 16, 419. 

Zocher, Zeitsch. anorg. Cliem.., 1925, 147, lOS ; see also Joaelihns, Kolloid. Zeitsch., 
1927, 41, 215 ; Zoclicr and Jacobsolin, ihid-., 1927, 41, 220. 

' Bikerinan, Physilcal. Zeitsch., 1926, 27, 769 ; Fiirth and Bluh, Kolloid. Zeitsch., 
1924, 34, 259. 

^ Frrera, Bull. Soc. cliini. Bcdg., 1924, 33, 422, 432. 

^ Dumanski, J. Russ. Rhys. Chem. Soc., 1924, 54, 703. 

Gessne?', Kollo id chem. Bc.ih.ejie, 1924, 19, 213. 

Zoclier, Zeitsch. physical. Chem., 1921, 98, 293; coinpare Reinders and ^dln der 
Leo, Rpc. Trav. chim., 1928, 47, 193. 
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distur])ed. A similar bi-reCringcncc in sols of several sli^litly soluble 
substances ^vbich ordinarily form mierosco])ic crystals, e.g. mcreiirous 
chloride, and lead iodide, Pbl^, lias been demonstrated by 

Reinders.^ Freundlieh docs not agree, however, that these rod-like 
structures are necessarily responsible for the double refraction ; he 
attributes the chief cause to the presence of aggregates of amicronie 
non-sphcrical particles, not discernible under the ultramicroseo]ie and 
separated from one another by amicronie distances. “ It is adduced 
in su})port of this view that double refraction can be produced in and 
removed from sols of benzopurpurin without any change being v isible 
in the ultramicroscope. Double refraction is also shown, although not 
so strongly, by aged ferric hydroxide sols, aluminium hydroxide 8018,'“^ 
clay suspensions, soap solutions, alizarin, aniline-blue, p-azoxyanisolc, 
p-azoxy]:)henetole.'^ Red gold sols and silver sols also become doubly 
refracting under tlic inhucnce of an alternating current.'" 

llydraics of Vanadium, Fentoxide. — Several hydrates of vanadium 
pent oxide have been obtained by the action of mineral acids on solutions 
of alkali vanadates. In many cases their composition agrees vrith that 
ot one of the free acids corresponding to the vanadates, but it has been 
shtown til at they are not true acids ; ® the amount of water present 
depends only on the conditions of drying. Von Hauer " and Fritzsche ^ 
both o])tained an insoluble dihydraie, V2O5.2H2O, w'hich was supposed 
to be free pyrovanadic acid, II4V2O7. By continuing the drying of 
this hydrate over concentrated sulphuric acid von Hauer ^ obtained 
the inonohydrate, V205*^'l205 which similarly was supposed to be free 
mctavanadic acid, HVO3. Ditte obtained several other hydrates, 
VoOj.SHoO, V2O5.2H2O, V2O5.H2O, the composition of whicli also 
depended on the vapour-pressure of the atmosphere. A hydrate 
corresponding to orthovanadic acid, II3VO4 or ¥.205.31120, has not 
been obtained. 

Wlieu hydrated vanadium pentoxide is precipitated under speeial 
conditions it forms a yellow or orange svd^stance known as vanadiuin 
bronze. Roiling a solution of sul])hur dioxide with copper vanadate 
gives scales of a golden or orange colour. The jirecipitate obtained 
may, however, be a jiartial rcduclion ])roduet of the vanadate, in which 
case its composition w'ould be analogous to that of the tungsten, bronzes. 

A vanadium Iironze is also obtained when a solution of ammonium 
uieta vanadate is added to a solution of copper sulphate in excess of 
ammonium chloride un til a permanent ]n-cei])itatc forms, the sus|)ension 
then being heated to To"" C. The more slowly the precipitation takes 

^ Feinders, Proc. K. Al'ctd. Wetcn.^cli. A'ln-A-crflnrih, 1916, 19, 1S9. 

“ iM-oundlicli, Colloid and Cajnilari/ Chtvii-Arij, translated by IlaUield (Motliucii, 
l.oridnn, 1926), ]). S2.‘t 

^ Aselienbrennor, ZcitscJi. physikal. CJic-ni-., 1927, 127, 415. 

Zocher, loc. cit. ; Freiiridlicb, Schuster, and Zoclier, Zcil-^ch. 'jd/y^n'cal. ('Item., 1923, 
105, 119. 

5 Bcrgliohn and Bjdrnslahl, Phy.Ahd. Zcilsch., 1920, 21, 137 ; PJdl Mug., 1921, [vij, 
42, .352. 

Dullbc'rg, Zviisclt. pJ/y.'-iibd. Chco/i., 190.3, 45, 175. 

' von Hauer, J. pra/d.' ChemL, 1S60, 80, 32d. ® Fritzsche, ibid., 1851, 53, 93. 

^ S('0 also IManasse, Chan. Zenlr., 1880, 773. 

Ditto, Compi. rend., 1885, loi, 698. 

’1 Gcrland, J. prakt. Chcni., 1871, [ii], 4, 139; Jdull. Poe. cMm., 1873, [ii], 19, 501; 
Per., 1877, 10, 1515. 

See this series, Yol. VII., Part III. (1926), p. 243. 
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place the more brilliant is the colour of the bronze. Guyard ^ states 
that the bronze is not a hydrate of vanadium peiito.xide, but an acid 
ammonium vanadate. 

The Vaxadates. 

General.— It seems certain that the free acids correspondingly to 
these salts do not exist in the solid state, and that, with the possible 
exception of hexavanadic acid, mentioned below, they arc also incapable 
of existing in solution, although salts ol all the acids are known. The 
most stable class of salts is the metavanadates, the next in order of 
stability being the pyrovanadates, while the o^tl'lo^'anadatcs are few 
in number and undergo rapid hydrolysis even in the cold, to give the 
pvro-salts : 

2Xa3VO,THoO— Xa.VoO, J-2XaOII ; 

the pyro-salt is converted into the meta-salt on boiling the solution : 

Xa^VoO^ +H 2O :^2XaVO 3 -p 2XaOH. 

These reactions are reversible, and removal of the caustic alkali by addition 
of acids effects the immediate conversion of ortho- or pyro-salts into 
the meta-salts. On the other hand, the presence of a large excess of 
caustic alkali favours the formation of the ortho- and pyro-salts. The 
order of stability is the reverse of that which a])plies to the ortho-, 
pyro-, and meta-phosphates. Orthophosphates arc ])rcpared from the 
other two classes either by boiling or by addition of weak acids. 

Metavanadates of the alkalis are white or colourless, and give colour- 
less aqueous solutions which rapidly become yellow, and, on addition 
of acids, red or orange. These coloured solutions contain poly vanadates, 
the formation of which is comparable to that of the poly chromates and 
other salts formed by condensation of weakly acid oxides of metals, 
e.g. molybdates and borates. Thus, under definite conditions of tem- 
perature and concentration, potassium metavanadatc is converted into 
the acid salt 2K2O.3V2O5, in accordance with the equation : 

6KV03+2HCl=2Ko0.3Vo05-f2KCldll20. 

White. Red. 

Cf. 2K.2Cr04d-2lICl-Ko0.2Cr034-2KCl+ir20. 

Yellow. Red. 

Poly vanadates produced in this manner arc much more numerous than 
the polychromates, and have the general composition RTO.uAhp^, 
where n is greater than one. Soiutions of polvvanadatcs contain 
equilibrium mixtures the compositions of whicir varv considcral)ly 
with the acidit}g the temperature, and the concentration of the solutioii . 
T. hus, b\ acidifying a solution of lithium metavanadatc with acetic 
acid, crystals having the composition 3Li.20.4Vo05.12HoO are obtained, 
the mother-liquor from which, on being boiled, c'ivcs the conqx^und 
3Lio0.5\ 2O5.I4H0O. Again, by treating a solution of ])otassium 
metavanadatc with acetic acid under different conditions oi’ tem])cra- 
ture and concentration, a series of salts has been obtained in whicli 
-g 2, r, and 3. In several salts the molecular proportions of vanadium 
pentoxide and basic oxide are not so simple, for example in the com- 

1 Guyard, Bull Soc. cUm., 1876, [iij, 25, 356. 
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pound 22K2O.2 iVoO^.TlIoO, and it is notcwortliy that in seAxral 
instances efiorts to repeat the preparation oi“ one particular compound 
have tailed under apparently identical conditions. The acid vanadates 
on the vdiole have not been accurately investigated by physico-chemical 
methods, and tlieir composition is sufficiently varied to suggest that, as 
in tlie case of the double vanadates and heteropoly-acids, they may 
be isomorphous mixtures of simple substances in varying proportions, 
despite the facts (1) that they arc easily crystallisable compounds, 
and (2) that from their analytical data definite formuhe can be Avritten 
down for them. 

Hexaocuiadic Acid . — The acids corresponding to these \mrious salts 
Imvc not been isolated, but according to Dullbcrg^ many of the poly- 
A'anadates can be looked upon as being dcriAmd from hexaAvanadic acid, 
I'TiVgOj^y or 2H2O.3V2O5, the existence of Avhich in solution is indicated 
by the changes in electrical conductivity that ensue when alkali Auma- 
dates are gradually neutralised. When sodium orthoAumadatc, Xa3V04, 
is treated Avitli increasing quantities of hydrochloric acid, it is found 
that the ions finally present in solution are Xa' and The 

fourtli hydrogen atom in hcxavanadic acid is not easily re]3laccablc by 
a metal. The change takes ])lace in the folloAving sequence, commencing 
Avith the VO4'" ion supplied by solution of the orthovanadatc 

(i) 2yO^"'-r2lV (pyrovanadate). 

(i i ) SV oO-'"' dH ■ ^-2 V.jO;/" -j- 311 oO (me tavanadate ) . 

(iii) 2V30cj'''-r3rr IIoO (hexaA’anadate). 

HexaA'anadic acid is also stated to be formed in solution by the 
decomjoosition of pcrvanadic acid,- Avhich is ])roduced Avhen Amnadiiim 
pentoxide is treated Avith hydrogen j^croxide, but more recently the 
properties of the solution Iuia'c been attributed to the formation of 
])croxyorthovanadic acid, HVO^.HoO (see p. 91). According to 
Dilllbcrg the compound AA*hieh has the composition Xa20.2V203.9lIoO 
should be formulated as the trisodium salt of hcxavanadic acid, 
Xa3llVy0ji7.13ll20 ; similarly the compound Avhich has the com- 
]:)Osition Xa2O.3V2O5.3H2O should be formulated as the disodium 
salt of licxaA'anadic acid, XaoHoVgOj^. 21100. It is of some interest 
to note that many of the beteropoly-acid compounds Avhich contain 
Aumadium can also be Avritten as lacing dcn'A'ed from hcxavanadic acid,^ 
although this theory of their constitution is not noAV hcld.^ The 
hcxavanadic acid theory does not exclude the })ossibility of the existence 
of other more highly condensed acids. Many of the alkali poly vanadates 
can be jArejiarcd in tAvo crystalline forms : {a) Orange, trans])arent 

crystals, and (/>) golden, scaly masses, Avith a metallic lustre. It is 
suggested that the latter arc cleriA'ed from the more highly condensed 
acids. 

All the A'anadates are poAA'crful oxidising agents and undergo 
reduction in acid solution in the manner already described for Auuuidium 
})entoxidc. The alkali A'anadates arc usually easily soluble in water, 
and arc AA'liitc or pale yclloAV, crystalline compounds, and fi’ccpicntly 

^ Dullberg, Zritsjch. Ch.etn., 1903, 45, 175; compare lYosonlieim and Vang, 

Z(:7tsch. anorq. CJicni., 11)23, 129, 181. 

“ Pissarjewsky, Zcitsch. q^hydikal. Chon., 1903 43, 173. 

^ Prandtl, Zeittich. anorfj. Chem., 1911, 73, 223 ; 1915, 92, 198. 
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dimorphous. They are insoluble in alcohol, wlTich is often en).])]oyed 
to thro^Y them out from solution. When ammonia ^uis is passed over 
tlie vanadates of the heavy metals, or when the latter are digested in 
liquid ammonia, slow absorption ensues with formation of he^vcanviiiie 
addition compounds ; usually six molecules of ammonia are taken up 
for each atom of metal present. ^ 

Orthovanadates, Il'^YO^ or — The alkali ortho- 

^■anadates can be prepared by fusing a mixture of vanadium pontoxide 
Avith the calculated quantity of alkali carbonate. The best knoAvn is 
the sodium salt Xa^VO^.l 2H20- Ammonium orthovanadate docs not 
appear to exist. Ditto- obtained a number of Avanadates by fusing a 
mixture of vanadium pentoxidc, sodium halide, and the halide of the 
desired metal, and this method has furnished several orthoA'anadates. 
Copper, lead and siU'cr ortho Amnadates liaA-m been prepared by double 
decomposition in solution, but addition of metallic salts to a solul)lc 
orthoAxinadate most often yields A'ariously coloured preeijAitates of 
uncertain composition ; because of their strong tendency to undergo 
hydrolysis the ortho-salts give rise to the corresponding ])yro- and meta- 
vanadates, or to a mixture of them ; the hydroxide of the metal may 
also be produced, and in the case of ferrous sulphate and other reducing 
agents oxidation takes place. 

Sih'er orthoA'anadate reacts Avith alkyl halides to giA'e esters of 
vanadic acid. These are yelloAv liquids of general formula Alk. 3 V 04 , 
in Avhich Aik. represents the alkyl radical. Esters of orthoAUU'iadic 
acid arc more stable than those of pyro- and mcta-A'anadic acids ; that 
is, the order of stability is the rcA^ersc of that Avhich applies to the 
inorganic salts.^ The folloAving orthovanadates haAm been })reparcd : — 
Bismuth Orthovanadate, BiV 04 , is a bright yelloAV compound obtained 
by the double decomposition of bismuth nitrate Avith an alkali A’anadate.'^ 
Cerous Orthovanadatc, CCVO4, has been ]3rej)ared as dark red needles 
by fusing sodium mctaA'anadate Avith cerous chloride.^ 

Copper Orthovanadate, Cu 3 (V 04 ) 2 . — When treated Avith solutions 
of copper salts, solutions of orthovanadates yield a greenish-yclloAv 
precipitate Avhich consists mainly of copper orthovanadate Avith excess 
of A'anadium pentoxidc. 

Lead OrtJiovanadaie^ Pb3(V04)2, is precipitated as a Avhite powder 
Avhen sodium orthovanadate is treated Avith lead acetate solution.” 

Lithium Orthovanadate, LioV04. — The yellow, anhydrous salt results 
on fusing a mixture of lithium carbonate and vanadium ])entoxidc in 
the requisite proportions.® Crystals of the he.xahijdmaic, Li3V04.Gll20, 
have been obtained by concentrating the moiher-liquor left from 
crystallisation of lithium pyrovanadatc.^ Two other lithium vanadates, 
4Li2O.y2O5.IT2O and iLi oO.A oOg.IlTIoO, haA'e also been })rcpared.^^ 
Nickel Orthovanadate, NiglVOj)^, yields green, prismatic needles 

^ Ephraim and Beck, Ilelc. Chini, Acta, 1926, 9, 38. 

“ Diite, Con/qU. rend.. 1883, 96, lOdS. 

2 Hall, J. Che-m. Soc.. 1SS7, 51, 751 ; Hess, J. Sor. Chem. Ind., 1914, 33, 712. 

^ Carnot, ConipL icnd., 1887, 105, 119; Efenzel, Jahrb. Miner., ]87o, 680. 

^ Abcgg, Haiidbarh der anorgrini^ehcii Clieniit (Loipzi"), 1906, 3, i, 208. 

^ Gerland, Ber., 1876, 9, 873. 

' R(.^scoe, J. Chtrn. Soc., 1871, 24. 23; Amadori, ibid., Abs., 1919, 116, li, 413. 

^ Rarrimelsbei'g, Wied. Annalen, 1883, [ii], 20, 928. 

9 Ditto, Conipt. rend., 1887, 104, 1168. 

Ditte, loo. cit. 
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when a fused mixture of vanadium pentoxidc, sodium l)romide and a 
small proportion of nickel bromide is extracted ^vitll dilute nitric acid 
and the solution concentrated A 

Potassium OrtJioca.uada.te, K3VO4, forms as a j)a]e yellow, crystalline 
mass when vanadium pentoxide and potassium carbonate are fused 
together in the necessary molecular pro]:)ortions.‘-^ It melts at a tem- 
perature above 1000° A solution of vanadium pentoxide in three 
equivalent proi^ortions of caustic jootash yields colourless, transparent, 
deliquescent crystals of two hydrates, 2K3Y0^.9lToO and K.^VO^.OIL.O 
respectively, according to the temperature of crystallisation A If a 
large excess of caustic potash is emplovcd the compound obtained is 
iK^QAAOs/iOlI^OA 

Silver Orthovanadaie, AggVOj, is precipitated as a deep orange 
powder when a freshly prepared solution of sodium ortliovanadate is 
treated with a carefully neutralised solution of silver nitrate A It melts 
between 403° and 505° and is soluble in nitric acid and in ammonium 
hydroxide ; the latter solution yields yellow hexagonal crystals of the 
comp o s i ti on 3 AgV O 3.2X113. II oO . ^ 

Sodium Ortliovanadate, X'a^jVO.^.l 211.20, is the; ortho\’anadate most 
frequently met with. It is readily obtained l)y adding excess of caustic 
soda to a solution of sodium pyrowmadate : 

Xa .iV oO . - 2XaOn ^ 2Xa 3VO + II oO . 

It can be conveniently crystallised from caustic soda solutions, in which 
it is less soluble than in water. It forms hexagonal prisms isomorphous 
with the corresponding phosphate and arsenate, Xa3P04. 121120 and 
Xhi3As04.I2H20. The deca hydrates, X’a3V04.1()I] .2O, X^a3AsO4.10ll2O, 
and X^a3P04. 1011.20, are also isomorphous.'^ In consequence of the 
reversible nature of the above reaction, solutions of sodium ortho- 
vanadate are strojigly alkaline ; their electrical conducti\'ity has been 
studied by DLillbcrg.^'^ Tlie anhydrous salt, X'a3V04, melts at 860° 
or 850° It can be prepared by i’using sodium (airbonaLe and 

vanadium ])entoxidc in the required molccidar ])ro[)ortious. Extraction 
of the product with water and prcci])itation with alcoliol gives colourless 
needle-shaped crystals of a hydrate containing sixtecji molecules of 
water, Xa3V04.IGll20.^’^ The li.ejjta- and octa-liydrales^ Xla3V04.7H20 
and Xa3y04.8H20, have also been prepared.^- 

By clissolving vanadium pcjitoxide in a large excess oJ‘ caustic soda, 
Ditte-^-^ obtained two crystalline vanadates which contained a larger ])ro- 
portion of the liasic oxide tlian is ])rcsent in the orthovanadateg and to 
which he gave the formukc iX’aoO.Vo^o-'^^^^^ 2^ iNa^O. V.203.2()II.20. 

Strontium Orthovanadate, Sr3(V04)2; is obtained in Lransparent, ])alc 
yellow leaves by heating together a mixture of vanadium pentoxide, 
sodium iodide, and strontium iodide. 

Thallium Orthovanadate, TI3VO4, is a light brown substanec obtained 
by carefully fusing three molecular proportions of thallium carbonate 

^ Ditte, Compt. rend., 1883, 96, 1048. “ Itainmeldberg, loc. cit. 

^ Canned, Gazzclta, 1928, 58, (>. ’ Ditto, Compt. rend., 1887, 104, 902, 1061. 

^ l-)itte, loc. cit. Iloscoe, loc. cit. " Cariiclly, J. Chen/,. Soc., 1S7S, 33, 273. 

^ Dilte, Compt. rend., 1887, 104, 1705. ^ Baker, J. Chem. Soc., 1SS5, 47, 357. 

Dullbcrg, Zedtscli. plujCihil. Clbttn., 1903, 45, 129 ; lUrsenlieiin and VAug, loc. cit. 

Carnclly, loc. cit. Cannon, loc. cit. Itoscoe, loc. cit. 

Baker, loc. cit. ; cf. Hall, J. Cheni. Soc., 1887, 51, 9-1, 

Ditte, Compt. rend., 1887, 104, 902, 1061. Ditto, ibid.. 1883. 96, 1048. 
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Avith one molecular proportion of vanadium pentoxide. Its density is 
8 -G. One gram dissolves in a litre of water at 15 "" CA M.pt. 566 '' or 
555 ° CA 

Double Compounds of Orthoi'anadates and Halogen Altliough 

the ortho vanadates of divalent metals are not very stable compounds, 
they form very stable double salts with certain metallic Iralidcs. These 
double salts are of interest in that isoniorphous analogues are fre- 
quently iriven by orthophosphates and orthoarsenates. The following 
naturally occurring double salts are isoniorphous : — ^ 

3 Pb 3( VO 4 ) 2.PbCl 2 (vanadinite ) . 

3Pb3(P04)2.PbCl2 {pyro 7 norphite). 

3 Pb 3 ( AsO 4 ) o.PbCl 2 {^nimetesite ) . 

They arc isoniorphous also ivith the calcium compounds Ca3(V04)2. 
CaClo and Ca3(P04)2.CaCl2A The discovery of isomorphism among 
these double salts led Roscoe to transfer vanadium from the chromium 
family, in which it had been previously placed, to Group V. (sec p. 24 )- 
Tile general method of preparation of these double salts consists 
in fusing vanadium pentoxide Avith excess of the halide of the metal. 
Except in the case of tlie sodium compound, the residue is sinqily 
Avaslied with Avater, in Avhich the double salts are insoluble. Tlie 
following liaAm been described : — 


2Na3V04,NaF.19H20 . 


3 B a 3 ( VO 4 ) 2 . R aB ig 
3 Ba 3 (V 04 )o.BaIo“ 
3Cd3(V04);.CdCh 
3Cd3(V04);.CdBro 


Limpid octahedra, isomorphous Avith tlic 
corresponding phosphorus and arsenic 
compounds.^ 

Hexagonal, transjiarcnt plates.’^ 

Hexagonal, broAvn, transjiarent ]n'isms.® 
Hexagonal prisms ; density 5 - 26 f. 
Hexagonal ])risms ; density 5 - 456 . 


(The corresponding cadmium iodide has not been isolated.'') 


Ca3(V04).,.CaClo. 

Ca 3 (V 04 ) 2 .CaBr 2 
3Ca3(V04)o.CaBro 
3 Ca..(V 04 ).;CaL, “ 
3Pb3(V04)2.PbCl2 


Glistening, rhombic crystals. 

Glistening, thin leaves.^ ^ 

White, glistening crystals.'^- 
Hexagonal, colourless, transparent (*.rysta.ls.^'^ 
Rcddish-lwown, transparent, hexagonal 
])risms.^'^ 


(This lead salt is the artificial fonn of the importajit natural 
ore vanadinite.) 


3Sr3(\ 04)o.SrBr2 . Hexagonal plates. 
3 Sr 3 (V 04 ) 2 .Srl 2 .^^ 


^ Ccirnclly, J. Chern. Soc., 1873, 26, 325. 

Carnelly, ibid., 1S7S, 33, 273. Caiuieri, loc. cit. 

^ Roscoe, J. Chem. Soc., 1868, 21, 322. The refractive indices of tlu\sc ores Jiave. 
been measured by Bowman [Min. Mar/., 1903, 13, 324). 

5 Hauteleuille, CompL read, 1S73, 77, 896. 

Baker, J . Cnenh. Soc,, 1885, 47, 358 ; Travers, Bull. Soc. chini., 1923, 33> 397. 

' DRte, Compd. rend., 1883, 96, 575, 846 ; Bcr., 1883, 16, 1097. 

^ Scluilten, Bull. Soc. chim., 1900, [iii], 23, 159. 

^ Hauteieiiille, loc. cat. 11 Ditte, Comjyt. rend., 1883, 96, 575. 

1882, 94, 1592 ; 1883, 96, 575, 846. 1226. r. oittn, he. cit. 

n ^oc., 1871, 24, 23 ; Carobbi and Restaino, 

Gazzetia, 1926, 56, 59. 

Ditte, Conipt, rend., 1883, 96, 575, 1846. i<> Ditte, loc. cit. 
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Chlor orthovanadates of herjjlUuni and zirconiunid ^iiid chlornieta- 
vanadates of lead and copiJer (see p. 45), have also been prepared. 


Sodium Stannovanadates or Vanadostannates. — By crystallisino 
mixed solutions of sodium stannate and sodium, ortho vanadate, a scries 
of sodium stannovanadates has been prepared, the salts Inndiig the 
following compositions : — 

8Xa3VO.j.Xa2Sn03.32lIoO. 

dX^agVO 4.Xa2Sn03.48IT20. 

5X a3V O 4.x a 2SnO 3. 6411 2O . 

6X a3 VO 4. Xa oSnO 3. SOII 2O . 

The constant difference between each member is Xa3V04.1 GlUO. The 
particular member obtained depends on the concentration oi‘ the con- 
stituents and on the temperature. The same com]'>ounds can be 
pre]Dared by fusing together stannic oxide, Sn02, vanadium pentoxidc 
and caustic soda, and crystallising the fused mass. They are all iso- 
morphous, and form doubly refraeting, transparent, rhombic needles. 
The use of sodium orthoarsenatc and sodium orthophospliate instead 
of the vanadate gives rise to two analogous scries of stanno])hos])]iates 
and stannoarsenates. A mixed salt leaving tlie composition of botli 
the phosphate and arsenate has also been isolated : 

4Xa3(P,V)04.Xa2Sn03.48lT20. 

When a solution containing sodium ortho vanadate and stannous 
chloride is carefully neutralised with caustic soda, an amorphous 
yellow substance is obtained which has the composition 

XA20.4Sn02.V205.:rH20 or Xa20.3Sn02.V2C^5-‘^l2C>- 

This compound is considered to be a complex salt of a hetcro])oly-acid 
formed from stannic oxide and vanadium pentoxide, and it is therefore 
coni])arable with the vanadoselenites and vanadotclluritcs.- 

Pyrovanadates, R’4y20; or 2R'20.V205. — The alkali pyrovana- 
dates arc prepared by dissolving the equivalent quantity of vanadium 
pentoxide in solutions of alkalis, ox by the spontaneous dcc:om])()si- 
tion in solution of the alkali orthovanadates. Pyrovanadates of other 
metals are obtained by fusing vanadium pentoxidc with the salts or 
hydroxides of the metals in molecular proportions, or, when they are 
sulliciently insoluble, by double decomposition between an alkali pyro- 
vanadate and a salt of the metal required. 

Pyrovanadates are more stable than ortho vanadates, but, in conse- 
quence of the weakly acid character of pyrovanadic acid, they undergo 
easy conversion into the metavanadates. Sodium pyrovanadatc in 
solution is thus converted by carbon dioxide into the metavanadate : 

Xa 4 V 2O, + CO 2 - 2Xa VO 3 + Xa oC O 3 . 

Ammonium pyrovanadate docs not appear to exist ; addition of 


^ Tanatar and Karowski, J. Russ, Pliys. Ghem. Aoc., 1909, 41, SI 3. 
2 Prandtl and Rosenthal, Ber., 1907, 40, 2125. 
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aninioiiiuni cliloridc to ci solution of a pyrovaiicidatc piecipitates 
auinionium nietaA'anadate : 

4NIr,Cl+Xa,Vo0,=2^TI,V03 + 4X^^^ 

These reactions suggest that sodium pyrovanadatc undergoes partial 
hydrolysis in solution : 

Na 4 VoO,-fIl 20 ^ 2 XaV 03 -h 2 XaOII. 

The introduction of carbon dioxide into the solution removes the caustic 
soda (or, from the point of view of the ionic tlieory, the OIT ions), 
so tliat the equilibrium is disturbed and the reaction then proceeds 
completely from left to right. Similarly, addition of ionised ammonium 
chloride .sup])resse:s the concentration of the OIF ions already present 
in solution : more of the pyrovanadatc therefore undergoes hydrolysis, 
in order that the equilibrium concentrations of ions shall be main- 
tained, until all the pyrovanadatc is converted into metavanadate. 

The weakly acid nature of pyrovanadic acid is also shown by the 
fact that solutions of pyro vanadates react alkaline to phenolphthalein. 
The solutions have been shown to contain the colourless (VoO-)"''' iond 
Silver pyrovanadatc gives esters of pyrovanadic acid onl}'" with the 
higher alkyl halides, e.g. cumjl pyrov ana date, (03113^1)4X207.2 
The following ])yrovanadates have been prepared : — 

Bariwn, Pyrovanadate, Ba2V207, is precipitated on addition of 
barium chloride to a solution of sodium pyrovanadatc or of other 
vanadates in the presence of ammonia.^ It has more recently been 
prepared by the action of barium peroxide on vanadium pentoxide.^ 
It is a white, amorphous })owder which melts above 8Gv3° C.'' 

Calcium Pyrovanadate, 2Ca2V207.5H20, is formed by adding calcium 
chloride to a solution of sodium pyrovanadate and drying the ])rcci])itate 
at 100"^ C.® The dihydrate, Ca2V207,2H20, has been obtained in 
trans])arent needles by adding calcium chloride to ammonium meta- 
vanadate solution and theii excess of ammonium hydroxide.” 

Co'pper Pyrovanadate, Cu 2X^207.31120, has been obtained in grccnisli- 
yellow, transparent, rhombohedral ])latcs by the action of co])])er 
sulphate on ammonium mctavanadatc.^ The anhydrous salt has 
also been prepared by saturating a solution of vanadium pentoxide 
and a copper salt with ammonia.^ According to Radau,^^^ addition 
of copper sulphate to solutions of pyro vanadates gives rise to pre- 
cipitates the composition of which approximates to the formula 
SCuO.SVoOs. 

Lead Pyrovanadate, Pb2V207. — This salt is of interest in that it is 
the artificial form of descloizite, one of the important natural ores of 
vanadium. It is obtained by boiling mixed solutions of lead nitrate 
and ammonium metavanadate in the presence of acetic acid.^^ A 
pale yellow basic pyrovanadate of lead, 2Pb2Vo07.Pb0, is obtained by 

^ Dullberg, ZeiUch. phij-sikal. Chern., 1903, 45, 129. 

“ Hal], J. Chem. noc., 1SS7, 51, 751. 

2 Roscoe, ibid., 1S71, 24, 23 ; Carnot, Cornpt. rend., 1SS7, 104, 1803, 1850. 

Hedvall and Zweigbcrgk, Zeitsch. unorg. Chern., 1919, 108, 119. 

^ Carnelly, J. Ohem. Soc., 1878, 33, 273. 6 Ruscoo, loc. cit. 

■ Ditte, Compt. rend., 1887, 104, 1705. 8 Qitte, loc. at. 

^ Carnot, Compt. rend., 1887, 105, 121. 

Radau, Dissertation (Berlin, 1888). 


Ditte, loc. ciU 
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the^ addition of lead acetate to a solution of a vanadate. The com- 
position ol the compound produced in this manner is, however, not 
constant.^ 

Litiduin Fyrovanadate, Li,^\ — When a solution of sodium 

me ta vanadate is made strongly alkaline with lithium hydroxide and 
concentrated in i:acuo^ white, silky needles of the ]}eiahijdraie are 
obtained, which leave a wdiite, nacreous mass of the cnihijdrous- salt, 
Li^VgO^, on being heated.^ The teirahijdrate, Li_jVoO-.4HoO, Inis ])een 
obtained by fusing vanadium pentoxiele with lithium nitrate and 
extracting the melt wdth water, in which it is readily soluble.^ 

Manganese Pyrovanadate^ AIn2V20~, is obtained in large, brilliant 
brown needles by fusing together a mixture of vanadium pentoxide, 
sodium bromide and manganese bromide.^ 

Potassium Pyrovanadate, K^VoO-AFIoO? separates out in colourless, 
transparent crystals wdien one molecular proportion of vanadium 
]oentoxidc is dissolved in two molecular projiortions of potassium 
iiydroxide. Tlicse lose water when heated, melt, and leave a crystalline 
mass of the anhydrous salt K4V20-,^ which is deliquescent and melts 
at 910^ A white, crystalline, readily soluble trihydrate, K4V2O;. 
311 oO, has also been prepared.’^ 

Silver Pyrovariadaie, Ag4V207, is obtained as a dense yellow pre- 
ci])itate by the addition of neutral silver nitrate to sodium i)yro- 
vanadate solution.® It has also been obtained as brilliant yellow, 
transparent plates.^ M.pt. 383^ C.-^^ 

Sodium Pyrovanadate, Xa^VoO^.lSIIoO, is prepared by fusing 
vanadium ])entoxide (1 mol.) with sodium carbonate (2 mots.) and 
extracting the melt with water. Alternatively, the vanadium pent- 
oxide is dissolved in caustic soda solution, using the same molecular 
proportions. It forms long, six-sided plates, or pearly, glistening needles 
which arc cllloresccnt and readily soluble in water. At 100"^ C. it loses 
seventeen molecules of waiter, the last molecule being evolved at 140" C. 
The anhydrous salt melts at G54^ or 632^^ Cd~ By partial dehydration, 
and crystallisation from a mixture of alcohol and wmter, an ociahydraie, 
Na iVoO-.cSlloO, has been obtained.^® 

Thalliuni Pyrova nadaie, TI4V2O7, is precijhtated as a light yellow^ 
po\vder hy the addition of thallium sulphate to a cold, saturated 
soil! lion of sodium orthovanadate. It also results on fusing a mixture 
of vanadium pentoxide and thallium carbonate. It melts at 454"^ ' or 
41 (h and is soluble in about 5000 parts of waiter at 14" C. 

1 Iloscoc, loc. ciL; Descloizcaiix, Ann. Cfiim. Phn.<., 1854,141], 41 , 78; Amadnri, 
('hnn. S<jc , 1919, 116 , ii, 413. 

- l)iLtc>, (.'ont/jil. rand , 1 SS7, 104, 1168. 

•’ Ila niiiul.sboiv, \V ltd. A'linalcn. 188.3, [iij, 20, 928. 

'' llitte, Courpl. rend., 1883, 96, 1048. 

■’ DitLo, ibid., 1887, 104, 902. 

(jani-icrM, (Jazzetta, 1928, 58, 6. 

' Maintnolsbcrg, toe. clt. 

^ lOjSCiDC, loc. Clt. 

Date, Coubpt. rand., 1887, 104, 1705. 

Ca-riK'Jly, J. Cfie/n. Soc., 1878, 33, 273. 

^ ’ Carnelly, loc. cil. 

Cannori, loc. clt. 

Ditto, Conipt. ra/nd., 1887, 104, lOGl. 

('araelly, -/. Cliann. Soc., 1873, 26 , 323. 

Carnelly, ibid., 1878, 33, 273. 

Canneri, loc. cit. 
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Thorium Fijrovaoiadate, TluVsO^.GHoO, is greenish-yellow, and is 
obtained by tiic action of thorium chloride in dilute solution on 
aniinoniuni incta\'anadatcA 

ZvicFijrovanadate, ZiuVgO^, forms orange-red prisms Avhen vanadium 
pentoxidc is fused with a mixture of sodium bromide and zinc bromide.- 
It is a})prcciably soluble in water. 

Several vanadates arc known the compositions of which arc inter- 
mediate between that of the pyrovanadates, 2 ll\yO.\' and that of 
the metavanadates, RbO.VoOs, They can be looked upon as basic 
metavanadates. The following have been described : — 

Basic Lithiwn Metav ana date, 3Li20.2V205.15lT2C^ Lio0.4Li\Oo. 
loI-IoO, is obtained by crystallising lithium orthovanadate from dilute 
nitric acid.^ 

Basic Foiassium, Metavanadate, 5K2O.4V2O5.7IT2O or KoO.SJvVOg. 
THoO. separates in white crystals when a solution of potassium pyro- 
vanadate, K^VoO., is acidified with acetic acid and concentrated.'^ 

Basic Sodium- Metavanadate, 3Xa20.2V205.2lT20 or XagO.TXaVOo. 
21120, and the hexahydratc, Xa20.4XaV03.GlT20, have both been 
prepared by fusing sodium carbonate (3 mols.) with vanadium pent- 
oxide (2 mots.).' They are not readily soluble in water. 

Basic Thallium Metavanadates, 3TI2O.2V2O5 or TI0O.4TIVO3, is 
obtained as a sparingly soluble, yellow powder by the action of thallium 
sulphate on the corresponding sodium compound.^ 

GTI2O.5V2O5 or TlgO.lOTiVOg is prepared by the action of thallium 
sulphate on sodium pyrovanadate, Na^^VoO;, in the presence of excess 
of vanadium pentoxidc.'^ It dissolves in 9372 parts of w’ater at 1 R' C. 
and in 33GG parts of water at 100° C. 

Basic Silver Metavanadate, 3Ag20.2V205 or Ag20.4AgV03, is pre- 
pared by the action of silver nitrate on the corresponding sodium salt. 
It is a dark vellow compound, almost insoluble in water. ^ 

Basic Lead Metavanadate, 3PbO.2V2O5.2H2O or Pb0.2Pb(V03)o. 
211 oO, is obtained as a yellow powder by the action of lead nitrate on 
an acid manganese vanadate.^ 

Basic Stroritiiun Metavanadate, 3Sr0.2V205.2ll20 or Sr0.2Sr(Y03)2. 
21120, lias also been prepared.^^ 

Metavanadates, IPVO^ or — These salts are more 

stable titan either the ortho- or pyro-vanadates. Solutions of the 
latter yield metavanadates on being evaporated or by treatment with 
carl)on dioxide. The alkali metavanadates arc prepared directly by 
dissolving vanadium pentoxide in the calculated quantity of alkali 
hydroxide. The metavanadates of other metals arc prepared by 
fusing vanadium pentoxide with the oxide or carbonate of the metal in 
calculated quantity or by the action of a soluble salt of the metal 

^ Volclv, ZeiUcJi. anorej. Chem., 1894, 6, 161. 

- C 01112 A-. rend., 1883, 96, 1048 ; cf. Radan, Aniialen, ISSO, 251, 114 

^ Rajumelsberg, Wied. Annalen, 1883, [ii], 20, 938. 

Rainiactsbcrg, lot. cit. 

Oarnelly, Annalen, 1873, 166, 1;35. 

^ Carnelly, ./. Ckern. Soc., 1873, 26, 330. 

‘ Carnellv, loc. cit. 

^ Carnellv, loc. cit. 

® Ephraim and Beck, Helv. Chim. Acta, 1926, 9, 38. 

Epliraim and Beck, loc. cit 

de Carli, Atti E. Accad. Lined, 1925, [vi], i, 533. 
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on a neutral solution of alkali mctavanadatc. The alkali and alkaline 
earth nietavuinadatcs are white or pale yellow ; inetavanadates of the 
heavy metals arc deep yellow, brown, or red. Most of the alkali meta- 
vanadates arc soluble in water ; vanadates of tlic heavy metals are 
almost insoluble in water or dilute acetic acid. According to BlecekerP 
all the vanadates of the metals seem to be soluble in water to some 
extent, but become insoluble in the presence of small quantities of the 
precipitating agent. They show a tendency to precipitate in the 
colloidal state; especially is this the case with the vanadates of iron, 
cop]:)er, zinc and aluminium. The vanadates of mercury, lead, co]:)per 
and iron fuse at about 600° C., but the vanadates of aluminium, calcium, 
zinc and tungsten do not fuse at much higher temperatures. The 
fused vanadates of iron and copper are extremely hard and are good 
conductors of electricity. On being treated with mineral acid, 
vanadates decompose with the formation of red colloidal vanadium 
pentoxide. 

The Coll owing metavanadates have been prepared : — 

Aluminium Metavanadate, Al(V0.5)j3, may be ])rcparcd clectro- 
lytieally or by the addition of an aluminium salt in solution to an 
alkali vanadate,^ 

Ammonium Metaroanadate, NI-I4VO3, is one of the commonest 
compounds of vanadium, and forms the starting material for the pre- 
paration of a large number of vanadium salts. Its preparation from 
a vanadium ore has been described on p. 51. It is obtained in the 
laboratory by dissolving vanadium pentoxide in excess of ammonium 
hydroxide and concentrating, or, instead of concentrating, alcohol may 
be added, in which the salt is insoluble. Recrystallisation from dilute 
ammonium liydroxide gives a pure product.^ Ammonium meta- 
vanadate is also insoluble in a saturated solution of ammonium chloride, 
and it is quantitatively precipitated by the addition of an excess of 
solid ammonium chloride to a neutral solution of sodium metavanadate or 
pyrovanadate.'^ It is a white ])owder which can be obtained in colour- 
less, granular crystals, isomorphous with potassium mctavanadatc. Its 
(hansity is 2*326. One hundred parts of water dissolve 5*1 8 parts at 1 5° C. 
and 10*4 parts at 32° C.'" On being gently Imated in air ammonium 
mctavanadatc becomes yellow, red, and then brown, with loss of 
ammonia : ^ 

2XH4VO3 (solid)=Vo05 (solid)A2Xll3 (gas)4-H20 (liquid) 

-“43,600 calorics. 

At tem]3cratures above 210° C. tlic salt undergoes reduction and leaves 
a residue of the lower oxides of vanadium, and may also gi\'c some 
nitride.'^ 

BariuDh Meta, vanadate, Ba(V03)2-H20, is obtained in white or 
yellow microscopic crystals by the action of barium chloi'ide on 

1 Blcecker, Met. Chem. Eng., 1910, 8, G66. 

- Bleeeker, ibid., 1911, 9, oOl. 

.Lacliartre, Bull. Soc. chim., 1924, [iv], 35, 321. 

Gooch and Gilbert, Zeitsch. a-norg. Che-m., 1902, 32, 174 ; Bosonlieim, ibid., 1902, 
32, 181 ; Cainpagnc, Ber., 1903, 36, 3164. 

^ LachartT'o, loc. cit. ; compare, however, Ditto, Corngit. rend., ISSO, 102, 918 ; ?^Ieyer, 
Zeilsck. EUktrocliem., 1909, 15, 266. 

*’ Matignon, Chem. ZeiL, 1905, 29, 9S7. 

" Roscoc, Annalen, Swppl., 1868, 6, 104 ; Ditto, Compt. rend., 1885, loi, 698. 
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potassium metavanadate.' It midero-oes deh^Alration betAveen 190'' 
and 2 ()()'' dlie anhydrous salt lias also ])cen ])repared by the aetioji 
ot barium peroxide on A’anachum ])cntoxide.“ 

BerijUiiun Metavanadate, ]le( V 03 )o. 4 llo 0 .— Additioji of solutions 
of beryllium salts to alkali Aumadates gives rise to basic Axanadates 
of indelinitc composition. The jmre salt is obtained by boiling 
beryllium liydroxide and Avanadium pentoxide in Avatcr in the required 
proportions. The solution is liltcrcd, concentrated to a syriqA and 
])oured into alcohol, Avhereu])on isometric cubes, modified b\^ an octa- 
hedron, are ol)tained. The larger crystals polarise light. Density, 
2-27:3. One gram dissolves in a litre of Avater at C.*^ 

Ccuhnium Metavanadate, Cd(V 03 )o, is obtained as brilliant, trans- 
parent, slender, yelloAvish needles by fusing a mixture of \mnadium 
})cntoxidc, sodium bromide and cadmium bromide.'^ 

Casiu)}} Mefavanadate, CSVO 3 , lias been obtained by boiling 
A'anadium jicntoxidc with ca,:sium carbonate solution.^ 

Calciiun Metavanadate, Ca(V0.>)2.:3n20, giAms rise to bright \mlloAV 
needles when a solution of ammonium metavanadate is boiled Avith 
calcium chloride solution and jirccipitatcd with alcohol. The ietra- 
hijdrate, ChdVOoJo.tHoO, is prepared by alloAvirig a mixture of potassium 
metavanadate and calcium chloride to evaporate for se\mral days." 
Anhydrous ealeium metaAninadate is a Avhite, porous substance, Avhich 
is unaffected by strong heating, but is readily decomposed by acids to 
yield vanadium pentoxide.^ It is much more soluble in Avater than 
strontium inetaAumadate. 

Cohalt Metavanadate, Co(V 03 ) 2.311 oO, separates out on boiling a 
solution of ammonium vanadate Avith excess of cobalt nitrate which 
lias been feebly acidified with nitric acid.^ It is easily soluble in Avatcr. 

Copper Metavanadatc. — Addition of copper sulphate solution to 
sodium metaAvanadate throAvs doAvn a preci])itate Avhich consists mainly 
of copper metavanadate, wliicli is light yelloAv. The precipitate may, 
hoAvever, be green or blue, because its composition Axirics considerably. 
Coppcrr metavanadate can also be jn’oduced clcctrolytically. On being 
fused at a high tenpAerature in a gra])hitc crucible it forms co])])cr and 
vanadium carbide.^'^ 

.Didyniiu))i ' Metavanadate, ■■Di'‘V03 , throAvn doAvn as a line, 
grey precipitate Avhen ammonium metavanadatc is treated with 
“ didymium “ nitrate.^^ 

htdiuin IMeiavanadate, I^(^ 03)3.2Ho0, is a yelloAV substance produced 
by the action of sodium mctaA'anadate on indium chloride solution.'^ 


^ Manassc, AnnaJeiv 1SS7, 240, 23. 

“ Hcdvall and /weigbergk, ZalL’^ch. coiory. Clieiii., 1019, 108, 119. 

^ Brinton, Ame,. Chun. Soc., 1910, 38, 2361 ; Tanatar and Knrowski, J. Pu 
/s. Oneni. Aoc., 1909, 41, 813. 

^ Ditte, Co?np[. rend., 1883, 96, 1048. 

^ Cliabriy Chim. Phys., 1902, [vlig 26, 228. 

^ Scheucr, Zeitsch. anory. Chun., 1898, 16, 284. 

Manasse, Annaltn, 1887, 240, 44. 

" Bleec-ker, J/n. Chun. Eng , 1910, 8, GOG. 

I rend Am. 104, 1703 ; cj. Carnot, ihid., 1887, 105, 119, and Hedva 

Ach. anonj. Chun., 1910, 93, 313. 

0 Bleockor, MA. Chun. Eng., 1910, 8, GGG : 1911, 9, dOl. 

^ is now known to consist 

- . ^ see Auer v. Welsbacli, d/ocen, 

0 , 0 , 4 //. 

Ri-nz, Disseriaiion (Breslau, 1902). 
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Iron V emaciate is, metallurgically, the most im])ortant vanadate. 
Precipitation of a solution of a vanadate witli ierrons sulphate gives 
rise to a precipitate of indehnite composition, ortho-, ])yro-, meta-, and 
perhaps a poly-vanadate being present, as well as ferric or ferrous oxide. 
Reduction of the vanadate to a vanadyl salt may also ensue. The 
precipitate i^s usually colloidal and carries down with it some sodium 
vanadate. Tlic dried powder may be either green, yellow, brown, or 
red ; tbe more nearly the ] 3 rccipitate approximates to a red colour the 
lower is its vanadium content. An iron vanadate has also been pre- 
pared b}^ electrolysis of a solution of sodium vanadate between iron 
polcs.i 

^ Lead Meicrccuiadate, Pb(V03)2. — Acid solutions of vanadates on 
being treated with lead salts give rise to yellow basic vanadates the 
composition of which varies with the conditions. The precipitation 
of normal lead vanadate is, therefore, dillicult. It has been accom- 
plished by the addition of lead acetate to ammonium metavanadate 
solution in the presence of acetic acid.- Tlie lead precipitates contain 
all the vanadic acid originally present in solution, and precipitation 
of vanadates with lead salts has, therefore, been employed for the 
quantitative estimation of vanadium.^ The mineral deschenite consists 
chielly of lead metaA'anadate ; a portion of the lead is, however, fre- 
quently replaced by zinc.^ 

Lithiwii MetavaJuidate, LiV03.2H20, forms brilliant, silky needles 
when lithium carbonate (1 mol.) and vanadium pentoxide (1 mol.) 
are boiled together in water and the product concentrated in a vacuum.^ 
It melts at 618 ^ C.^ and is readily soluble in water. 

MagneHwti Metavanadate, AIg(V03)2.CTIo0, is obtained as trans- 
parent crystals by boiling an excess of basic magnesium carbonate with 
vanadium pentoxide and concentrating the filtered solution in a 
vacuum." It is easily soluble in water. 

M.anga)\ese Metavanadede, Mn(V03)2.4H20, is a sparingly soluble, 
dark red })owder. obtained by interaction between manganese sulphate 
and annnonium metavanadate in solution. \Vhen the ])owdcr is boiled 
in the ]:)reeipitating solution, reddish-brown six-sided plates of the 
anhydrous metavanadate, iMn(V03).2, are produced.® 

Mercurous Metavanaclatc, lIgV 03 , is thrown down as an orange pre- 
cipitate when mercurous iiitrate is added to a solution of a A'anadate. 
If the solutions arc carefully neutralised the ])recipitation is complete, 
and it is used for the gravimetric estimation of Amnadium, the mercurous 
Aumadate being ignited and the residue Aveighed as vanadium ])entoxide. 
In the presence of a slight excess of anunonia, a grey or black precipi- 
tate of com])lex composition is ])roduced. Addition of mercuric chloride 
to a neutral solution of a A'anadate produces a Avhite preci])itatc, soluble 
in acids ; in the presence of ammonia a yellow compound is throAvn down.'^ 

^ Bt'oeker, Zoc. cit. 

- Ijleocker, loc. cit. 

Itoscoe, Anacdtn, SnppL, 1872, 8 , 102. 

Beri>:cniaiin, Po<j<j- Annalc.n, 1850, 80 , 393. 

l)itt(‘, rynd., 1887, 104 , 1108; Eammelsbcrg, Wied. Amudev, 1SS3, [li], 

20 , 938. 

Cannoii, Cnzzfdla, 1928, 5 ^, 0 . 

' Ditto, Cofu.pt. rend., 1887, 104 , 1705; Maiiasse, A/male.n, 1887, 240 , 48. 

Radau, Che//L Ze.ntr., 1888, 1378; Scheuer, Zeit-sch. anorg. Chem., 1S9S, 16 , 284. 

^ Carnot, loc. cit. 
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Nickel Meiavanadede, Xi(V03)2, separates as greenish-yellow, trans- 
])arcnt jnisnis wlicn a solution of annnoniinn metavanadate is boiled 
with excess of nickel nitrate solution tcebly aciditied witli nitric acidA 

Fotassm/n Meteivanadate, KYO3, is obtained as white or colourless 
crystals by dissolving vanadium ])entoxide in hot, strong caustic potash 
solution. Bv varving the concentrations several hvdrates have also 
been prepared : l^KVOs.SIIoO ; KV03.2iro0 ; 2KV63.5H0O ; KVO3. 

0]i being lieated, all these liyd rates lose their water and leave 
a white, nacreous mass of the anhydrous salt, vv'hich melts at 495 ° C.^ 
Two otlier hydrates w'ere prepared by Raramelsberg : ^ KVO3JI2O 
and K VO 3.71100. 

Silver Metavanadate, AgV03, is a yellow, gelatinous substance 
obtained by interaction between silver nitrate and a metavanadate in 
neutral solution. It is soluble in nitric acid and in ammonia.'" 

Sodium Metavanadate, XaVOg, is manufactured industrially by 

decomposing commercial iron vanadate with sodium carbonate or 
sodium hydroxide, or by dissolving vanadium pentoxide in solutions 
of these sodium compounds. It w'as prepared in the pure state 

l)y Me Adam d to determine the atomic weight of vanadium. Its 

electrolytic production has been studied." Ditte ® reported the 

existence of several hydrates : X"aV03.2lToO ; XaV03.2-JH20 ; X'aV03. 
3H2O or tllgO : but solubility experiments^ indicate the existence in 
solution of only the dihydrate, XhxV03.2lT20. Cryoscopic measure- 
ments shoW' that the anhydrous salt associates in solution to give 
Xa3V309.'^^ One hundred grains of water dissolve 21*1 grams of anhy- 
drous sodium metavanadate at 25 ° C. and 38*8 grams at 70 ° C. The salt 
possesses such powerful colouring properties that 1 part of it imparts 
a yellow^ tint to 200,000 parts of water. The hydrated salt is cillorescent, 
and melts at 502 ° C. to a dark red, amorphous mass.^^ The m.]Dt. of 
the anhydrous salt is also given as 030 ° It is decomposed by 

mineral acids in the cold to give colloidal vanadium pentoxide ; when 
a current of hydrogen chloride gas is passed over sodium metavanadate 
at 440 ° C., the whole of the vanadic acid is volatilised and sodium 
chloride is left. The volatile product condenses as a semi-0]:>aquc, 
rcddish-bro'wn, oily licpud, which is probably 2 X 02 . 41101 . 31120 .^'^ 

Strontium Metavanadate, Sr(V03)2.4iT2^r B obtained as colourless, 
monoclinic prisms by the action of strontium chloride oil ])otassium 
]n eta vanadate. It is only spariiigly soluble iji xvatcr and undergoes 
dcliydration at 280 ° 

ThcdHuiii Metavanadate, TIVO3, is prepared by fusing thallium 

^ Ditto, Coi/hpt. rend., I8S7, 104 , 1705; cj'. CariKa-, ihid., LS87, 105 , 110. 

- Ditto, ■ihid., 1887, 104 , 902. 

^ CaiincM'i, Joe. cit. ^ Raminelsbf'i'o;, lor. rlt. 

Bleecker, loc. at. ; Browiiing jiad Palmer, J. Sci., I Oil), [iv], 30. 220. 

McAdatti, J. Af/i(ir. Chtui. Sor., 1910, 32 , iOOS ; see iiko MeAdam and Picale, ihid., 
1912, 34 , 604. 

• Pisclier, Trans. Amec. Ehetroedern. Soc., 1916, 30 , 19-1. 

^ Ditto, Co7njjt. rend., 1887, 104 , 1001. 

lylcAdam and Piciie, loc. cii. 

Diillbcrg, Zerdsch. jifijjsihjd. Cditin., 1903, 45 , 129; bnt congxire Cannei'i, (dizzrtla, 
1923, 56 , ii, 779. 

Carnellv, J. Cheni. Soc., 1878, 33 , 273. 

Canneil, loc. cit. 

Smith and Hibbs, Zcitsch. anorg. Chem., 1894, 7 , 41. 

Manasse, Annalen, 1SS7, 240 , 33. 
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carbonate with vanadium pentoxide in moiccular proportionsA It 
forms dark, laminated crystals, wlu’ch arc almost iiisoluble in water. 
Its sp. yr. is 0-0] 9 at 17'^^ C. ; m.pt. 421" " or :39r' CA 

Zinc MetcrccDuidate, Zn(V03)2.2ll20, forms brilliant, pale yellow, 
cubic or rhombic crystals when zinc nitrate is added to a neutral 
solution of ammonium meta vanadate and the mixture is concentrated.^ 
It has also been obtained electrolytically.^ 

Clilorinetava >1(1(1 cif.es of lead and of copper have also been prc]:)ared 
(see p. 45). 

iMctavanadic acid yields additioi convpounds with hydronylanivne 
and ammonia.^ When hydroxylamine liydrochloride and ammonium 
metavanadatc are added to a cold saturated solution of ammonia and 
the whole kept at 0^ C. until precipitation takes place, rosettes of lemon- 
3mllow crvstals having the composition HVOo.2NIIoOH.2NIl3 or 
voxars, are formed. These arc stable in the presence of ammonia, 
but are dccomj^osed by water, dilute caustic soda, air, and carbon 
dioxide. On addition of liydrochloric or sulphuric acid, evolution of 
nitrous oxide takes place. ]3y decreasing the proportion of ammonium 
metavanadate added to the saturated ammonia solution, ^mllow 
ciystals of composition IiV03.3XH20H.2XIl3 or yO(.X5Hi0 separate 
out. An extremely unstable compound, 11X03.3X11201! or VO3X3H13, 
has also been prepared. Addition compounds with h\^droxylamine are 
also given by arsenic acid and phosphoric acid, and b}' tungstates, 
uranates, and molybdates.’' 

A reaction which is very comparable to that whicli takes place with 
hydrox\damine consists in the formation of amine vanadaies b\' the 
action of vanadium pentoxide on tlic alkvlamincs. The simplest of 
those that liave been pre2:)ared arc : ^ 

MetJiylaniine vanadate, CII3XH0.II VO 3. 

BiniethyJannne vanadate, (Cl 1 3) oXII.I I VO 3. 

Ethylcnnine vancida.te, (C2H5)XIlo.rIV03. 

Tetraethylamiiie vanadate, (C 2H5 ) .^X". VO 3. 

Poiy vanadates or Acid Vanadates. ^ — In addition to the salts of 
vanadium pentoxide which have been dcseri])ed, there exists a large 
numl)er of pohwumadates in wliieli the molecular ])roportion oi“ 
vanadium pentoxide to basic oxide is greater than in the case of the 
metavanadates. The constitution of these acid salts has been dis- 
cussed on p. 62. A general method for ^^I’ejiaring the alkali ]ooh'- 
vanadates consists in adding acetic acid to a solution of the ortho-, 
p\u'o-, or raeta-vanadatc, and concentrating. Usually several com- 
pounds of varying composition can be isolated. The j^olAwmnadates 
of the heavy metals can sometimes be prepared b\^ double decom- 
position of alkali vanadates with solutions of salts of these metals, 
but more usually congDlex salts containing both the hcav\" metal and 
the alkali (double vanadates) are precipitated. By prcci2:>itating a 

^ Carnelly, J. Cheni. Sor.., 1S7.3, 26, 323- 

- Carnelly, 1S7S, 33, 273. ^ Canneri, loc. cit. 

" Ditte, Compt. rend., 1S87, 104, 1705. 

^ Bleeckor, loc. ciL 

Hofmann and Koldscliiitter, Zeitoch. anorfj. CIlcj)}.., ISOS, 1 6, 403. 

‘ Kohlscliuticr and Hofmann, Annalen, 1890, 307, 314 ; Hofmann, Zcitsch. anorg. 
Chern., 1897, 15, 75. 
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Cdchniuin Folyvanadates. — Two are knoAvn, 2CCIO.SY2O5.15H2O and 
Cd0.3V205. 21120. The former is obtained by the action of cadmium 
sulphate on the corresponding barium saltd and the latter by the action 
of cadmium nitrate on ammonium metavanadate in the presence of 
acetic acid.- 

Calcium F oly vanadates . — Addition of calcium chloride to a solution 
of potassium j^vrovanadate in the presence of acetic acid has furnished 
3Ca0.4Vo03.15noO ; Ca0.2V205.6ll20 ; Ca0.2Vo05.9H.O : 3CaO. 

7V2O5.7H26 ; 2Ca0.5V20-.5lT20 ; 3Ca0.8V205.26il20, according to 

the concentration, temperature, and acidity of the mixture.^ Addition 
of calcium nitrate to excess of ammonium metavanadate solution in 
the presence of nitric acid has given the compound Ca0.3V205.12H20d 
which is readily soluble in water. 

Cero'us Folyvanadate, Ce203.5V205.27H20, has been prepared by 
evaporating a solution containing ammonium metavanadate and cerous 
sulphate.^ 

Cobalt Folyvanadate, 2Co0.3V 205,151120, forms large, six-sided 
brown leaves which effloresce readily in air. It is obtained by the 
action of cobalt sulphate on the corresponding barium salt.® 

Copper Folyvamadate, 3CUO.5V2O5.22H2O, is prepared by the action 
of copper sulphate on barium hexavanadate.'^ It forms thin, iridescent 
spangles. 

'' Duly mium'' Folyvanadate, '‘Di is obtained by 

mixing solutions of “ didymium nitrate and the acid sodium salt, 
XaoO^AVps.s 

Gadolinium Folyvanadate, Gd203.5V205.2GlT20,^ and Lanthanum 
Vanadate'^^ are known. 

Lead Folyvanadate, Pb0.2V205, can be obtained as yellow, trans- 
parent needles by fusing a mixture of vanadium pentoxide, sodium 
iodide, and lead iodide. 

Lithium Folyvanadate, 5Li2O.6y2O5.30H2O, has been prepared as 
red, transparent prisms by the addition of acetic acid to the mother- 
liquor left from the crystallisation of lithium mctavanadatc.^- If the 
acetic acid is added directly to a solution of lithium metavanadatc or 
ortho vanadate, the compound obtained has the composition dLioO. 

same ])roccss has also yielded 2Li20.3V205.15lT20 
or ioHoO, Li20.2V205.Sll20, OllgO or 121126,^^ according to the acidity, 
temperature, and concentration. Evaporation of the mother-liquor from 
the crystallisation of the compound 3Li20.4V205.12H20 has given the 
sparingly soluble compound 3Li20.5V205.14lT20 or 121120.^'^ 

31 agnesium Folyvanadates. — Addition of a slight excess of magnesium 

i ]i]])]iraiin and Beck, loc. cit. 

” Ditto, loc. cit. 

^ i\[ana3SG, loc. cit. ; also Aniialen, 1SS7, 240, 14 ; Epliraim and Beck, loc. cit. 

J.)ilto, loc. cit. 

^ Abcgg, Handbuch dcr ariorgrt/nUchen Chcmic (Leipzig, 1900), 3, i, 2U8. 

'* Itphraini and Beck, loc. at. ; see also Carnot, Con.jit. rtud., 1889, 109, 148. 

' Ephraim and Beck, loc. cit. 

^ CIcvc, Bull. Soc. chim.. 1S85, 43, 3d9 ; see footnote, p. 72. 

^ Benedicks, ZciUch. anorq. Cdicui., 1900, 20, 393. 

Carobbi and Bestaino, Oazzetta, 1926, 56, 59. 

Ditle, Coni'pt. rend., 1883, 96, 104S. 

Rainmelsberg, W led. Annaleii, 18S3, [ii], 20, 938. 

Ditte, Coynpt. rend., 1887, 104, 11G8. 

Bammelsberg, loc. cit. 
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sulphate to a hot solution of potassium pyrovanadate gives red crystals 
which have the composition ^^20* They are only 

sliglitly soluble in water and undergo dehydration at 200'" Cd When 
magnesium oxide is boiled with vanadium pentoxide in solution and 
excess of acetic acid is added, a dimorphous, soluble poly vanadate 
having the composition 3Mg0.5V20-.28H20 is formcdd tDecomposi- 
tion of a liot, saturated solution of ammonium metavanadate with 
excess of magnesium chloride and acetic acid gives another compound, 
Mg0.2Y205.9il20 or SHoO;^ and a heivavanadate, 2Mg0.3V205.19H20, 
has been prepared by the action of magnesium oxide on vanadium 
oxytrichlorided 

Ma)iga?iese Poly vanadates, — The action of manganese sulphate on 
acid barium vanadate has given the salt 23ln0.3V205.11Il20A A 
compound 5MnO2.V2O5.10H26 has also been prepared.® This can be 
looked upon as a Amnadic manganite. 

Nickel Poly vanadates. — Ni0.2V205.3ll20 is obtained as greenish- 
brown crystals from tJie mother-liquor left after crystallisation of nickel 
metavanadate. The compound 3Ah0.5V2^^5-“4ll20 has been prepared 
in two crystalline forms." 

Potassiiiin Poly vanadates. — By the action of acetic acid on solutions 
of potassium metavanadate at different temperatures and concentrations, 
soluble acid vanadates of the following compositions have been prepared : 
SKoO-^VsOs.lOPIoO ; K2O.2V2O3.4H2O ; 2K2O.4V2O5.7H2O ; ^ 2K2O. 
5V205.12H20.^ By dissolving excess of vanadium pentoxide in 
potassium carbonate solution and then adding acetic acid, Bitte also 
isolated the compounds K2O.2V2O3. 31120 or SHoO or lOHgO, and 
K20,3V205.H20 or 5H2O or 61120.^^ The anhydrous compound 
K2O.3V2O5 is almost insoluble in water. 

Potassium Hexavanadate, 2K2O.3V2O5.OII2O or K^V30|7.6ll205 is 
obtained as orange plates by concentration of the mother-liquor from 
the salt K20.2y205,^- The heptcdiydrate, K4\y0i7.7lT20, has also been 
prepared. When Amnadium pentoxide is fused Avith potassium chloride 
and the product extracted Avith water, tlic folloAving are obtained : 
22K2O.24V2O5.7H2O ; K2O.2V2O5.4H2O or 6H2O ; and tlie insoluble 
residue is found to contain the compound 2K0O.8 V2O5.3H2O. Sub- 
stitution of potassium fluoride for tlie chloride in this reaction gives a 
Amnadate Avhich contains the highest proportion of A'anadium pentoxide 
in the series, namely, 2K20.9V203.^'^ 

Samarium Poly vanadates. — Addition of a neutral samarium salt to 
a solution of a metavanadate throAvs doAvn a yellow, amorphous pre- 
cipitate Avhich consists mainly of samarium orthovanadate. Two acid 

^ Manasse, Annalen, 1887, 240, 49. 

- Manasse, loc. cil. ; Sugiura and Baker, ./. Chuii. Sue., 1879, 35, 715. 

^ von Itauer, loc. cit. 

^ Cuttica, Tarchi, and Alinari, Sazzetta, 1923, 53, 180. 

^ Ephraim and Beck, loc. cit. 

° Sarkcr and Dhar, Zcitsch. anorg. Ch-cin., 1922, 121, 13d. 

‘ Ephraim and Beck. loc. cil. 

« Radau, A finahn, 1889, 251, 114 ; XoL’blad, BUcertation (Upsala University, 1873). 

Manasse, Annalcn, 1887, 240, 23. 

Ditto, Compt. rend., LS87, 104, 902. 

Norblad, loc. at. 

Ditto, loc. cit. 

Friedheirn, Ber., 1890, 23, 1520. 

Ephraim, Zeitsch. anorg. Gheni., 1903, 35, 06. 



COMPOUNDS OF VANADIUM. 


70 


samarium vanadates, namely, Sm203.5V205.281-l20 and 8111003. SVoOg. 
24K2O, have been isolated from tlie mother-liquors.^ 

Sodium Polyvanadates. — Sodium liexavanadate^ Xa.iVgOj^y or 2Xa20. 
3V2O5, is prepared by acidifying a solution of sodium nietavanadatc. 
It has been obtained combined with ISl-IoO, 161120,- lOHoO,'^ and 
9Il20.‘^ The anhydrous salt is almost insoluble in water. PT’om 
electrical conductivity data under different conditions, Dtillberg ^ was 
able to show the existence in solution of hexava.nadic acid, 1-14X50^7, 
which gives rise also to the following acid salts : Xa3lIV3047.13Il20 
and XaoIl2VQ0i7.2H2O. It is by no means certain, however, that these 
acid salts are derivatives of hexavanadic acid ; they can be alternatively 
formulated as XaoO.2V2O5.9H2O and Xa2O.3V065.3H2O respectively. 
The former has been prepared by the action of acetic acid on sodium 
metavanadate ; its 'pentahydrate, XaoO.2V2O5.5HoO, and decahydrate, 
Xa2O.2VoO5.10J-l2O, are also known,' both of whicli undergo dehydra- 
tion at about 200° C. ; the residue melts at 581 ° C.® The compound 
XaoO. 3X205.31120 has been made by the action of caustic soda on 
excess of vanadium pentoxide.^ Its pentaltydrate, Xa2O.3V2O5.5H2O, 
and nonaliydrate, Xa26.3VoO5.9lI oO, arc also known. All these sodium 
salts arc red, easily crystallisable substances. 

Slight variations in the method of preparation have yielded several 
further nolyvanadates of sodium : 5Xao0.8V205.39lIoO ; 4 XaoO. 

7V205.33iloO ; 3Xa20.5Vo05.22Ho0 or “ 23 HoO ; dXaoO.rVoOs, 

35 H 2 O ; “ 3Xao0.7Vo05.33HoO ; 2Na20.5V20‘'5.28lIoO ; 1 ^“ 4NaoO. 

IOV2O5.7H2O ; 13 “ 2S:aoO.SY^Ol.l5lloO or 

Strontium Poly vanadates. — By tlic action of strontium cliloride on 
potassium metavanadate solution in the presence of acetic acid, the 
following compounds have been isolated: 3Sr0.4V205.14H20 ; i” 
4SrO.7V2O5.30H2O ; Sr0.2V205.9lIo0.i^ The last-mentioned salt has 
also been obtained from the mother-liquors left after the sc])aration 
of strontium pervanadate.i^ Using tlic com])ound K0O.2V2O5 in place 
of tkic metavanadate yields the more acid salt, 2SrO.6V.2O5. 2711 20.-^’ 
A polyvanadatc containing lour molccidcs of vanadium pentoxide, viz. 
Sr6.4V205.1lH20, has also been pre]:)arcd.-i 

Thalliuvi Polyvanadate . — By treating anmionium juetavanadate with 
^ Clov'o, Ball. Soc. cliini., I SS5, 43, 162. 

“ Rammcls;bcrg, Wind. Arinalen, 1883, tii], 20, 934; DiLte, Com/pl. rend., 1SS7, 104, 
1061. 

^ NorblacI, loc. cit. 

l)iillb('r!j:, ZciBch. phyWikal. Ghent,.., 1!)03, 177. 

'' Diillbcig, loc. cit. ; but coin])arc Canneri, G'azzcltd, 192.3, 56, li, 779. 

^ von Hauer, loc. cit. 

" Ditto, loc. cit. 

(7iniellv, J. ClievL. Soc., 1S7S, 33, 273. 

Ditie, loc. cit. 

Xorblad, loc. cit. ; Prandtl a,-nd Lustig, ZfdUch. anorij. Giu-ni , ! 907, 53 , 393. 

Ib’iedlieini and Micliaelis, ibid., 1893, 5 , 111. 

Prandtl and Inistig, loc. cit. ; von Hex, JJisserlation. ( Hojuj, 1901). 

Sclirnit/,- Dumont, ■ibid. (Berlin, 1891). 

Rothcnbadi, tbid. 

RammolsbeT'g. loc. cit. 

Bara.giola, J)r<^ertrit ion, {'Hern, 1902). 
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thallium sulphate, a red acid salt of composition GTI2O.7V2O5 has been 
obtained A It melts at 408° CA A hexaucuiadate, TI0O.3V2O5, has 
also been preparedA 

Thorium Poly vanadate, ThO 2.6 V 205.81120,'^ is known. 

Ytterbium Polyv ana dates, 3Yb2O3.5V2O5.3H.2O and Yb203.15y205, 
are known.^ 

Zinc Polyvanadate, 2Zn0.3V205.15H20, is obtained as well-defined 
crystals by the action of zinc sulphate on acid barium vanadate.® 

Double Vanadates. — Vanadium pentoxide exhibits a strong 
tendency to combine with two or more bases to produce welLcrystallised 
double salts. Their general method of joreparation consists in adding 
a solution of a salt of the required metal to a solution of an alkali 
vanadate ; concentration of the mother-liquor after precipitation of 
the simple vanadate gives rise to a vanadate which is found to contain 
both the alkali base and the metallic base. Frequently from the same 
two bases and vanadic acid a scries of such double vanadates can be 
prepared in which the relative proportions of basic oxides and vanadic 
acid vary. The decomposition of ammonium metavanadate with 
acetic acid in the presence of sodium silicate yields glistening red 
crystals of the composition 2(yill^)20.lS3io0.5Y The molec- 
ular proportions in this compound are simple, but a large number 
of double vanadates have been i^repared in which the molecular pro- 
portions are by no means simple. Thus, by the action of two molecular 
proportions of ammonium chloride on a boiling, concentrated solution 
of one molecular proportion of sodium metavanadate, yellowish-red 
prisms of composition 4f (NH4)-|y.Xa]-^^^]0.7V205.I7HT20 are obtained.’^ 
It is a matter of some doubt whether these complex double salts should be 
looked upon as definite compounds, each having independent existence, 
or whether each series is not more correctly regarded as coirq')osed of 
isomorphous mixtures of variable composition. The problem is similar 
to that of the constitution of the salts of the heteropoly-acids, in which 
vanadium pentoxide is combined with other acid anhydrides. 

Other double vanadates which have been prepared are : 

2(XIIAoO,2Ko0.4Vo05.3ll20 or 4NH4VO3.4KVO3.3H0O ; 

3(XII4);0.9K;O.20VoO5.52H.>O ; ® 

2(NH4)oO.Ko6.5Vo05.9HoO ; ^ 

8Nao0.2Ko0.18Vo65.35HoO or ; 

6Xa.‘;O.4K2O.15V2O5.30lT2O or 3Na4V6O4,.2K4\yd,,.30HoO ; 

4KoO.Ca0.10V205.22Fl20 ; 

K26.8Sr0.7V2d5.20HoO and 8OH0O ; 

2K2O.2SrO.7V2O5.l8H.2O ; 11 

K20.2Zn0. 0X^205.161120 ; 


1 Carnelly, J. Chem. Soc., 1873, 26 , 323. 

- Carnclly, ibid., 1878, 33 , 273. 

^ Cuttica, Tarchi, and Aliiiari, Gazzetta, 1023, 53 , 189. 

Clevc, JaJirc^ber., 1874, 2G1. 

^ Clevc, Zeitsch. anorg. Chew,., 1902, 32 , 129. 

^ Epliraini and Beck, loc. cit. 

■ Baragiola, JOis-sertation [Mevn, 1902). 

^ Baragiola, loc. cit. 

^ Ditte, Compt. rend., 1887, 104 , 1844. 

FriedJieijn and Micliaelis, Zeitsch. anorg. Chem., 1894 5 , 441. 
Manasse, Amialen, 1887, 240 , 46. 
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2(4KoO,7V203.22jIIoO)-i-3(4Zii0.rV205.22ai20) or 
16KoO.24ZiiO.70V^O5.225I-IoO ; 

KoO.CdO.SVoOs.OIIoO ; 

3K 20 . 3C clO . 1 0 V oO 3, 271 1 oO ; 

Ko 0 . 7 .Arii 0 . 8 Vo 05 . 25 lIoO or 2 KA^ 03 . 7 Mn(V 03 )o. 25 iIo 0 ; 
Ko“ 0 . 1 l 3 In 0 . 12 VoO-. ISII.O or 2KVO0J 1 Mn(V03)o.4SJL ; 
K“0.2 Mii0.5Vo05.45I-IoO and I6II0O ; 

KoO.oNiO. GY 003.27112b or 2KV03.5Ni(V03)o.27HoO ; 

K“0.3Ni0.5Vo05.T7iroO ; 

2KoO.4NiO.10VoO5.33HoO ; 

2Ko0.Ni0.7Vo05.23IIo0 ; 

Kob.2Co0.5Vo05.1GlloO and I6III0O ; 

K“0.3Co0.7Vo03.2inoO ; 

2KoO.4CuO.1SVoO3.60IIoO ; 1 
Bab.Cd0.8Vo03.9lioO ; ^ 

3 CdO . 3 ZnO . 1 0 V 0O3. 27 II oO 

Many ol: the naturally occurring ores of vanadium liave also the 
composition of double vanadates (see table on p. 11). 


Heteropoly- Acids coxtainixg Vaxadium. 


General. — Vanadium possesses the proj^erty of entering into tlie 
composition of a large number of compounds wliicli contain it as a 
constituent of a complex anion. Light has been tlu'ovm on the nature 
and constitution of these com])ounds by investigations into other 
hetcro]Doly-acids, which are now found to he most satisfactorily formu- 
lated by the ap])lication of a modiiieation of AV'ernerts co-ordination 
theory first suggested by Miolati/^ and extended by Rosenheim and his 
co-workers.'" According to this theory the hetcro])oly-acids arc pro- 
duced by hydration of acids having tlie general formula R.^O ,], 

wliere n represents the valency oi‘ the metal R. Thus, for exam].)lc, 
in the cases of silicon and phosj)horiis tlie following schemes obtaiii ; — 

-h2lL,0-ir,|Si0,|. 

1 1 3 I' po ,1 2 1 1 A) j . 

Or, generally, 

I r , 1; R o .1] 2 i I oO - 1 1 , o- , |_ R M.),. I . 


It will be observed tliat the basicity of eaeli of these acids is determined 
by deducting the valenc'V of the central atom in thc^ complex ;mion from 
12. Tlie greatest number of oxygen atoms or other divalent radicals 
that can be co-ordinated with the central atom is 0 ; and this number 
usually holds good in a true com])ound, but not always. Lor example. 


the co-ordination number oi‘ tlie acid It 


p(V03); 


is only 4. 


Substitution of the co-ordinated oxygen atoms l)y dix’alent radicals 
yields the various hcteropoly-acids. Tiic vanddo-phos piuitcs. ibr 
instance, arc derivatives of the hypothetical [)hosphato-acid ll^lPOj;], 


1 Radau, CJievi. Zentr., ISSS, J 37 S; Annale.n, ISSO, 251, lL-{. OUier double salts of 
potassium and manganese have been prepared. 

* AV'einland and Pcige, Btr., 1003, 36 , 2()(). 

^ Radau, loc. cit. 
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in which one or more of the oxygen atoms have been replaced by 
divalent (VoO^)'' radicals. The compound to vdiich the formula 
7 (XH 4 )oO.Fo 05 . 12 V 205 . 26 H 20 has been ascribed from its analytical 
data thus becomes (XH 4 ) 7 [P(\" 206 )g]. 13 l-l 2 O. If some of the oxygen 
atoms in the complex anion are replaced b}^ ("^"2^6) ' radicals and 
others by (M02O7)'' radicals, the molyhdovanado-iohosphcites are pro- 

duced, e.g. (XH,),| pjJWyJ.ieH.O and J.SlICO. 

Similarly, substitution by both (V20g)" and (WoO^)" radicals gives 
rise to the tungstovanado-phosphates. The heteropolyvanado-ar senates 
are derived from the hypothetical arseno-acid li7[AsOg]. It has recently 
been shown that the arsenic in these compounds may undergo partial 
substitution by phosphorus to give rise to series of mixed crystals 
whicli are called lieteropolyvanad()-arsenophosp>]iates or heteroptolyvcmado- 
p)h()sphoar senates ^ The heteropolyvanado-silicates are derived from the 
acid IlgfSiOg]. 

The existence of such associated radicals as (VoOg)", (Mo20-;)'h and 
(W0O7)" lias been assumed in order to explain the very frequent 
occurrence of twelve (-IV2O5), M0O3, or WO 3 radicals in the complex 
anions of compoujids the co-ordination number of which is six. A greater 
number than twelve has never been observed. As a rule only four of 
the oxygen atoms can undergo substitution by these associated radicals ; 
therealter an isomeric change appears to take place, thus : 


T> (^^0207)3 

O3 


-- >[R(Mo04)g]. 


Compounds arc said to be saturated when all the oxygen atoms of the 
parent anion are replaced by metallic acid anions ; unsaturafed com- 
])ounds contain some replaceable oxygen. 

The decision as to which element forms the central atom of the 
complex anion depends on the fact that in any particular series of 
compounds the atomic proportions of the metals in the place of the 
co-ordinated oxygen will show very considerable variation when cal- 
culated for one atomic weight of the element which constitutes tlic 
central atom. Among the molyhdo-vanadopltosphaies many arc known 
winch contain Auirying amounts of molybdenum and vanadium in 
combination with one gram-atom of phosphorus. Hydrogen also 
])rovides the nuclear atoms in some scries, which are best viewed as 
deri\ritivcs of a hy})othetical co-ordinated hexa-aquo-acid, 

Tlic van a do -tungstates (or iungsto-vanadates) are, for instance, represented 

by the general formula Ii^f, . Compounds of this type 

contain water of constitution. 

It should be noted that vanadium does not as a rule form the central 
atom of the complex anion in the hcteropoly-compounds. The oralo- 


Oo 


vanadates, however, most probably contain the anion 

which is obtained by- substituting two oxy^gen atoms in the anion of 
orthovanadic acid, i.c. the [¥04]'"' ion by two (CoO^)"' groups. Sub- 
stitution by^ (M0O4)" groups gives rise to the oxcdo-violybdovanadates of 
the general formula : 


1 Ganncri, Gazzetta, 192G, 56, 871. 

“ Copaux, Ann. Cliim. Phys., 190G, 7, 118 ; 1909, 17, 217 ; 1912, 26, 22. 
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RJI 


r (C2O4) - 

V(MoOJ 

Oo 


Uraiiyl-vanadates, which are probably derived from urcnLijl-vcuiadic acid, 


II 




, have also recently been prepared. 


The constitution of many of the heteropoly-acids and of their salts 
may thus be explained, although direct proof of the correctness of some 
of these formulae is lacking. Some of the heteropoly-com])ounds of 
vanadium are, however, very complex, and cannot be represented by 
application of the foregoing scheme. To take an extreme instance, 
Rogers ^ prepared a black, crystalline compound to which he ascribed 
the following formula : — 


99(XHj20.12Po05.2As205-66V205.6V203.19lW03.522lRO. 

The composition of these substances is necessarily a matter of doubt, 
because of the difTiculty of conducting exact analyses of compounds of 
very high molecular weight ; a small difference in the analytical data 
makes a large difference in the number of molecules. Further, the 
licteropoly-compounds are characterised by the ease with which they 
undergo hydrolysis ; even the process of recrystallisation frequently 
produces a different complex. 

In many cases the salts of any one series which have been analysed 
arc not true compounds, but consist of isomorphous mixtures of simple 
cliemical compounds ; the composition of the mixtures varies witli 
the composition, temperature, and acidity of the media from whicli 
they separate. This has been shown to apply to the inolyhdo-vanadatcs 
(or canado-molyhdates ),- inolybdo-vcinadojyhosphatesd vanado-seJeaous 
acid and the vaiiado~selenites,‘^ as well as to telluric acid and its salts."' 
Recently, Canneri ^ has succeeded in preparing a large number of 
mixed crystals of salts, and in some cases of tlic free acids, whicli 
belong to different series ; for example, mixed crystals of furigcto- 
variadop)hos2:)Iiates and iiingsto-vanadoar senates, of tuiigsto-ranado- 
■phosphates and molyhdo-vanadoph.osphates, of tungsto-vanadoarseii.atcs 
and molyh do -vanado arsenates ; and, finally, mixed crystals of members 
of all the four scries mentioned have been obtained. The mixed crystals 
liave tlic same crystalline habit as that of their components, and 
com]:)letc isomorphism exists between any two series whicli mix in all 
proportions to form continuous series of mixed crystals containing 
four or live different oxygenated acid radicals. The crystallographic 
da ta of a number of ammonium Lungsto -vanado arsenates have also recently 
been independently determined, and it has been shown that tlic crystal 
form is unaffected when the arsenic is substituted by ]:)hos])Ju)nis, or 
when the radicals are partially substituted by (Mo^Oy)''.' 

It appears probable that aalsorption of uncombined radicals by 
molecules ^v'hich contain a large number of these radicals, but which 


' Rogers, J. /Uiicr. Chtvi. 1903, 25, 298. 

“ »Sc('. hifrci. 

^ Cain and Idoslolter, J. Amer. Chem. jSloc., 1921, 43, 2dd2 ; W-hcri'y, J. ivH., 

1910, 169, -ISO. 

Rosenlicini and Krause, Zeitsch. avorg. Ckc-in., 1921, 118, 177. 

^ Rosenheim and dander, Kolloid. Zeiisch., 1918, 22, 23. 

Canneri, Gazzetta, 1926, 56, 871. 

' Rodolico, Aiii R, Accad, Lincei, 1926, [vi], 4, 471, 
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are not saturated, takes 2:)lace, and that the only trvic chemical indi- 
viduals arc the maximum co-ordinated compounds. It lias been shonm 
that vanadium jientoxide forms a colloidal solution, iia. ^vhich state it is 
readily adsorbed A 

Vanado -phosphates. — Alkali vanado-phosphates arc numerous, 

and eontain from one to twelve molecules oi vanadinrn pentoxide in 
combination with one molecule of phosphorus pentoxide. Those -with 
hiyii vanadium pentoxide content are red, crystalline substances, and 
are called 2^ urpiireo-- compounds ; those with low vanadium pentoxide 
content form yellow er^'stals, and are styled Zui^co-eompounds.^ 

Purjmreo Series. — These are prepared by dissolving: vanadium ])cnt- 
oxide in solutions of alkali phosphates. The following* arc known : — ^ 

7(XII,)oO.Po03d2yo05.2GHoO or ,].1SII,0 ; 

5(NII,);0.1\“05.I2V;03.44II;0 or ; 

7KoO.P;03.f2Y.03.2GlI,0 or K,1P(V A,), ; 

5KoO.P;O 5.I0V2O3.2GH2O or K,lLll\Y ^0^)^0].V2noO ; 

together with caesium and rubidium compounds analog’ous to the last 
member of the above. 

Luteu Series. — These are prepared by adding excess of phosphoric 
acid to solutions of alkali vanadates. Tiie following arc known : — ^ 

(XII.1), O.P0O3. ¥205-1 or 3 H .,0 or (XU,,)!! 3'j.21Tj,0 ; 

(XHJsO.P^Og^VoOj.o or 711,0 or (Xlljl or 7 II ,0 ; 

2K.,0.P,0g.V,05 or kJ ; 

I. ’“'3 _ 

K,0.P,0,.2V„05.6 or 7 H „0 ; «K,0.2P„Og.2Vo03.5l] ,0 ; 

3K,0.4P,05.fiV20g.21ir,0'. 

A free acid having the composition 

2Hvo,.2irpo 3.911,0 or ii„rp)Ad.4nr..o 

-i_ O3 j - “ 

has been obtained in golden-yellow leaves by the action of vmnadiinn 
pentoxide on syrupy phosphoric acid. 

Molybdo-vanadophosphates. — These arc derived from Hie hypo- 
thetical acid I-L[P0(3], in which the co-ordinated oxy^g'cn atoms have 
been partly replaced by one or more (VoO^j)" radicals and partly by 
(MogO-)'' radicals. The relative proportions of these radicals pre^sent 
may undergo variation with constant ])liosphorus content, so that a 
phosphorus atom must form the central atom of the com))lcx anion. 
As the pliosphorus content also varies, it is obvious thnt a very largo 
number of acids becomes possible. These are usually he/iifahasic, 
hexahasic, or pentahasiCy and the ammonium, potassium, and barium 
salts, as well as the barium-ammonium and barium-potassium doidilc 
salts of many of them are known. Their general method of j)rc])arati()n 
consists in acidifying solutions containing molybdates, vanadates, and 

^ Gessner, Kolloidchern,. Beihcfte, 1.924, 19 , 213. 

I riedheiiii and Szainatolski, JScr., J 8 ;H), 23 , 15.30. 2(100; Do.sonlK'ini and Piock, 
Zeil^ch. ancmj. Uitm., 191.(), 98 , 225 ; Ilo.senlKdni and Vang, ibid., U)23, 129 , LSI. 

^ See also Priedhedtn and Michaeii??, ibid., 1894, 5 , 440. 

See also Friedheim and Mic-haelis, loc. cit. ; (Jibbs, A/uer. C7iem. J., iSS 5 , 7 , 209; 
Ditte, ComiA. rend., 1886, 102 , 1019. 
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phosphates. They form isomorphous, beautiful orange-red to brown, 
octahedral crystals, which undergo hydrolysis very readily, so that it 
is frequently ini])ossible to state the experimental directions wlicrcby a 
salt of delinite composition can be produced. A fc’w examples only 
of these compounds arc here set out. For the exhaustive list of those 
hitherto ])rcpared and analysed, the references cited should be 
consulted.^ 

G(XH4)oO.Po05.GVo05.12Mo03.41IToO 

or (XHaon[pj5if5^yJ.20lCO ; 

5K2O.P2O5.2V,O5.20MoO3.5.3H2O 

or K5H2[p|5f®5)_)J.olH30 ; 
6K20.(XH.j)20.P205.3V205.18Mo03.43n20 

or K,2(XHa2[P2[Jj^,^5)y].43H20 ; 
3Ba0.3(XIl4)oO.Po05.4Vo03.14Mo03.39H20. 

Many of the compounds in this class cannot be represented by co- 
ordinative forinuhe. 

Tungsto-vanadophosphates. — These are analogous to the 
mol^Udo-vanadophosphates, only difl'ering from them in that the 
])lace of the (iMo20-7)'' rcidical in the complex anion is now taken by 
the (W2O7)" radical. Thus, an cutinioniuin tu)igsto-va)iaclo'pfios'plmte 
which, from its analytical data, lias the formula G(XH4)20.P205. 

■•1.V205.1CAV03.2]II20, is written .^OPCO, and a 

barium salt which has the composition USBaO.3p2O5.2VoO5.G0\VO3. 

f‘ (V^OJ -| 

UitlloO becomes 9Ban3 P3(^^oO-)i5 J llHoO. A number of 

L Oo" _ 

ammonium, jiotassium and barium salts have been ]:)repared. The 
ammonium salts in some cases approach to the following series : — - 

(XII.,),Jl[pj^W-=J.25H20 ; |.2oH 2 O ; 

(XH,Ul[pj^?2«^^J.25H20. 

By the action of dilute sulphuric acid on tlic barium salts several free 
t'U}igsi()-va}i(i(l()pli()spJi()nc acids have been isolated.'^ 

Vanado -arsenates. — The salts of this class whicli ha\m hitherlo 
been j^u-epared arc all of low vanadium pentoxide content compared 
witli the amount oj‘ arsenic pentoxide present. They correspond, there- 
fore, to the luteo vanado-phosphates. Three scries are known. The 

first has the general formula R'‘0.V205.Aso05,aTT20 or R'’j^AsQ^‘^J.,vH oO, 

where R" may be Mg, Zn, Cu, or Co. They form yellow crystals 
which arc obtained by the addition of arsenic ]3ciitoxide to solutions 

Gmelin- Kraut, Ilandbvxh der anorfjanischen Cdicmio. (Hcidclburg), 1908, 3 . ii, 20.3-21.3, 
1095-1104. 

- ( nncliii-Kraiit, ibid., }>]). 1S7-.1SS; Roclolieo, Atti B. Accad. Linctl, J92G, [vi], 
4 , 471 ; Camieri, Gazzelta, 1926, 56 , G42. 

^ Canneri, ibid., 192G, 56 , 871. 
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of the respective vanadates, or by the action of the carbonate of the 
metal on the free vanado-phosphoric acid (see below). Of the second 
scries only the ajiunonimn and ijotassmm salts are known, viz. 

(XliJ2O.-2VoO5.As2O5.5H2O or (NHJ aud KgO. 

2V2O5.AS0O5.5H0O or K AsA^®^- .oliaO. These also give rise to 

3'ellow crystals. The third series has the general formula 2R*20.2V205, 
SAsoO^.^iloO, where may be (NI-l4)2, Ca, Sr, Mg, Zn, Mn, Co, Ni. 
They result from the action of arsenic pentoxide on solutions of 
vanadates, and form red crystals \vhich, however, are unstable, and 
are readily converted by water into compounds of the first series. 1 

The free acid of the first series has been obtained in yellow plates 
bv boiling vanadium pentoxide with a solution of arsenic acid. Its 

r VO n 

composition is V0O5.AS2O5.IOIT2O or Hoi As^. ^ .4H2O. Recrystallisa- 

"L ^ 3 J 

tion of this hydrate from concentrated nitric acid gives a dihydrate, 

r VO ~ 

V2O5.As2O5.2H2O, which can be looked upon as the acid IT2 As^ ^ . 

L ^3 - 

The anhydride, V0O5.XAS2O5, is obtained by heating the dihydrate to 
440 " C. 

Molybdo-vanadoarsenates. — xA number of compounds have been 
described which are analogous to the molybdo-vanadophosphates 
described above, and which contain arsenic for the nuclear atom of the 
complex anion. In many cases these compounds approximate to the 

general formula B.'^H .7^1120, where x^y — 6 ; x and y 

arc not necessarily wdiolc numbers, because of the tendency shown by 
these heteropoly-acid salts to form isomorphous mixtures of simple 
compounds. Ammonium, barium and thallium salts have been 
prepared.- 

Tungsto-vanadoarsenates. — These are comparable to the 

molybdo-vanadoarsenates, and can be represented generally, 

R-6HrAs5^i®®«)U.nH,0, 

where although x and y are not necessarily wdiole numbers. 

Canneri found a deiinite relation to exist between the composition of 
the salt obtained and that of the solution from which it separates, from 
wdiich it is inferred that a condition of equilibrium exists beUveen various 
salts in solution or between their ions ; this equilibrium for fixed con- 
centrations is remarkably sensitive to changes in temperature or acidity. 
Among other salts three series of ammonium salts have been obtained 
which approach to the follo\ving formuhn 

(XH j 5 H[As(^(A)®J.nH 20 ; (NH JJ-l[Asj^;® 0 «)®J. 23 ll 20 ; 

(NHJ,H[Asjy^A) 4 j .25 

1 Gibbs, Amtr. Ckem. J., 1886, 7, 209 ; Friedlieim, Ber., 1890,23, lo30, 2600 ; ZtiUch, 
anorg. CJiem., 1892, 2, 319; Sclimitz-Dumont, Dissertation (Boirlin, 189J); Fernandez, 
Ber., ISSr, 17, 1632 ; Litte, Cornpt. rend., ISSG, 102, 7o7, 1019. 

- Canneri, Gazzetta, 1928, 53, 773 ; 1926, 56, 871. 
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Barium, and thallium salts have also been descri])cd, and some of the 
free acids have been isolated A 


T'lingsio-iuuiadoarseiiophos'ijliates. — Several ammonium salts have 
been prepared, v'hieh are most probably isomorphous mixtures of 
arsenates and phosphates/^ 

Vanado-tiLngstoinolyhdoarsenop]ios])hates have been described ; these 
arc also isomorphous mixtures of simple compounds/^ 

Molybdo “Vanadates or Vanado -molybdates. — These are obtained 
in red crystals, ricli in vanadium, or yellow powders, poor in vanadium, 
by dissolving molybdic anhydride, AIo03, in solutions of alkali meta- 
vanadates, or by acidifying mixed solutions of molybdates and vanadates. 
A large number of salts have been prepared, which vary considcrabh' 
in their analytical data. Repetition of the same process of j^reparation 
often gives crystals of different composition, so that a definite compound 
cannot easily be prepared. The salts are usually unstable, and 
undergo change even on being recrystallised. The same solution may 
give rise to different salts according to the temperature. Tims, one 
portion of a solution divided into two parts gave crystals of 2(XTPi)20. 
2V2O5.5i\IoO3.10H2O at 10° C., while at 30° C. the other portion gave 
crystals of 4(XH.j )2O.3V2O-.5MoO3.10H2O. From a study of the 
systems XH4VO3, M0O3 ; KVO3, AI0O3 ; X"aV03, M0O3, it has been 
concluded that solutions of alkali molybdo-vanadates of fixed concentra- 
tion and at a definite temperature contain definite compounds which 
are in equilibrium with isomorphous mixtures of poly vanadates and 
poly molybdates. The yellow powders poor in vanadium are presumed 
to be definite compounds because they resist fractionation, wliilc the 
red crystals consist of isomorphous mixtures."^ 

Comparison with other heteropoly-acids strongly suggests that the 
molybdo-vanadates do not contain cither vanadium or molybdenum 
as the central atom of the complex anion. They are therefore written 
as derivatives of the hypothetical hexa-aquo-acid, IT^(j[H20,;], in which 
the oxygen atoms in the anion have undergone complete or ])artial 
replacement by (V20,>)" radicals and by (M02O7)'' or (MoO^i)'' radicals. 
The following examples are typical of series of alkali (and in some cases 
barium) salts that have been prejDared : — 


3(XHj20.2V205.4:\Io03.aTl20 or (XIIJJI 


pr ( '' 20(;)3 n oT-T O 

“2(Mo20,)3J 


o(Xn4),0.2V2()5.12Mo03..tll20 or 
2(Xnj„0.V„05.GMo03.a;Il20 or 

3(Xiri ) 2O. VoOj.GMoO a.ali .0 or 


5(XII,)JC„ 

(Xl-O.IIr 


(VoOJo 

IC(MooO,), 

O4 

V2O,; 

II„(Mo„0,)3 

oV 

ir.,(-Mo.A)'! 

■ 0,“ 


-7)11,0; 

-1)11,0; 

.(,i;--:3)ri,0. 


^ Oibbs, loc. cit. ; Rogers, J. A mer. Chtm. ^S'oe., 1903, 25, 298 ; CaiiTicri, Cazzetta, 
1923, 53, 773, 779 ; 1925, 55, 883 ; 192G, 56, 871 ; Roclolico, toe. cit. 

- Rogers, loc. cit. ; Roclolico, loc. cit. ; Canneri, loc. cit. 

^ Rogers, J. Amtr. Chou. Soc., 1903, 25, 312 ; Roclolico, loc. cit. ; Canneri, loc. cit. 

Canneri, Gazzetta, 1923, 53> 77^ j 1925, 55> 390. 

^ Cmeliii-Kraut, Hayidbuch dec anorgmiischen Chtmic (Heidelberg), 1908, 3, ii, 191-204, 
1092-1094; Abeggand Aiicrbacli,262(i.(Leipzig), 1921, 4, i (secondhalt'),1052; Canneri, loc. cit. 
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The ibllowing are also known, as well as many others for whieh co- 
ordinative fommLe eannot be written : — 


4(NH4),.O.;JV„O5.5MoO 3.10I1„0 or (XII.,)^!! j ; 

“L "V ' 2^613 ■ J 

4 K, 0 . 3 Vo 05 . 4 Mo 03 . 7 H 20 or KgHf H 2 lv 4 ^T 4 Mo 04 ) 4 . 5 n„ 0 . 


Tungsto-vanadates or Vanado-tungstates. — Three well-defined 
series of complex salts containing tungsten and vanadium have been 
obtained, wdheli are comparable to the molybdo-vanadates in that they 
probably do not contain either Anmadium or tungsten as the nuclear 
atom of the complex anion. They are obtained ( 1 ) by saturation of 
a solution of a para tungstate with vanadium pentoxide, ( 2 ) by the 
action of acetic acid on solutions of mixed alkali tungstates and 
vanadates, or ( 8 ) by the addition of a paratungstate to a metavanadate. 
The salts arc characteristically coloured and all contain water of con- 
stitution. The di chromate-coloured series has the composition 5R‘oO. 

SVaOj.GWOs.a-'HaO or R-gll •^’- 4 ) 1120 , where R- may 

be NH 4 , K, or Na. The yellowish-red salts have the composition 
2 R'oO.V 205 . 4 \V 03 .ctH 20 , and salts of the alkali metals, alkaline earth 
metals, and silver have been prepared. The salts of both these series 
liave pro]:)erties similar to the paratungstates. The salts of the third 
series arc deep red in colour, liave the composition 5 R’ 20 . 3 V 205 . 1 4 WO 3 . 
adlhO, and resenible the metatungstates. The animonmni, potasskiin, 
cxcsiuni, and haHiim salts have been pre})ared.^ 

Uranyl -vanadates. — By adding uranic anhydride to fused 
potassium or sodium metavanadate, microscopic, rectangular, lluor- 
escent })lates of the compositions K(U 02 )V 04 and Na(U 02 )V 04 are 
obtained. These arc ]n’obably dcrix'atives oi“ a relatively stable uramjl- 

vauadic acid., and are analogous to the uranvl-phospliatcs 

L J 
whicli occur natui’ally.- 

Molybdo-vanadosilicates. — Tlic sim])lc vanado-silicates do not 
appear to be stal^lc, but a number of molybdo-vanadosilicates have 
been oblained eitlicr l)y acidifying solutions wliich contain mo]y])dates, 
\'a!iadat(\s and silicates, or l)y addition of vanadium pentoxide to the 
niolybdo-si lieates. 'They form heavy, yellowish-red to brownisli-rcd 
(U’ystals, whicli are very easily hydrolysed and are, therefore, not always 
rc'produciblc. The following isomorphous series has been recognised : — 

(VA)2 ^ 

3RoO.SiOo.VoO,.0AroO3..7;lIoO or RjJl, .(2.r-2)HoO; 

“ 0 ^ 


3 H.,().Si() 2 .V,, 03 . 1 <)Ro 03 .;i;]r 20 or R,,II J ^ \-{x- ; 

;5lCO.Si()2.V2(),.nMo().,.4:l!/) ; hlCO.SiOo.V.Oa.l 5Mo03..rH20. 


(R=Nn., orlv; R^-Ba.) 


‘ Oiiu'lin-Krciut, ioc. fit., ])]). 179-188; Trandtl and Humbert, Ztitsch. a7Lorg. Chein., 
1911, 73, 223; Pj‘a,ridtl and Heclit, ibid., 1915, 92, 198; .Sweeney, J. Arncr. Cliem. Soc., 
191(3, 38, 2.377 ; Losenlieim and Uieck, Zeitbxh. anorg. Chem., 191(3, 98, 223. 

“ Canneri and Pestelli, Gazzetta, 1924, 54, G41 ; compare Camotite (see p. 10). 
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Potassium-CDmnomuni double salts have also been prepared. The first 
two scries can be looked upon as derivatives of tbe co-ordinated silico- 
acid, l-Ig[Si^^'0,; I ; the last two series cannot be formulated in accordance 
with Werner \s theory.^ 

Tungsto-vanadosilicates. — These complexes are analogous to the 
inolybdo-vanadosilicates, and are prepared as yellowish-red to red 
crystals by the action of vanadates on the silico-tungstates, or by the 
action of hydrolluosilicic acid on the tungsto-vanadates. The following 
series has been recognised 

3Ro0.Si0o.V.05.9W03.adIo0 ; 

3R lO.SiOly 10 WO 3. aid ,0 ; 

7R oO . 25162. 3 V 2O5. 1 81 VO 3.0;! 1 2O . 

(R=NFl4orK; R^-Ba.) 

Double salts have also been isolated.- 

Several of the natural ores of vanadium consist of complex silicates, 
e.g. ardennite and roscoelite. 

Vanado-selenites. — Three series of alkali vanado-selenites are 
known, the incmbcrs of wdiich are all prepared by treating solutions 
of alkali vanadates with sclcnous acid in varying proportions, or by 
acidifying mixed solutions of vanadates and selezrites with acetic acid. 
The members of the first scries are yellow, and have the composition 
RyO.V^oOo’-SeOo-rHoO. The second series of salts is orange, and 
includes types of varying composition : R'20.3V205.4Se02.:rH20, 

R'oO.GV205.8Se02.a’Ii20, as well as other types which contain greater 
proportions of ScO^. The salts belonging to the third scries are red, 
and liave the composition dR'oO.OVoOj.oScOo.^tTloO. All these vanado- 
selenites lose selenous oxide on being boiled with water. It has been 
shown that w'hen the same amount of ammonium metavanadate is 
boiled with selenous acid solutions of gradually increasing concentration, 
the yellow crystals obtained contain gradually increasing proportions 
of selenous oxide. It appears, therefore, that tlic large number of 
vanado-selenites known, and their complexity, are due to their semi- 
colloidal character, in consequence of which they adsorb constituents 
from solutions.^ As might be ex])ected, only a few of them can be 
re])resented by co-ordinative forznukn. According to Brand tl, the second 
and third series above are derivatives of liexavanadic acid, 

By the action of vanadium ])cntoxide on selenous acid solutions, or 
by reduction of a solution of vanadium pentoxide in sclcnic acid, red 
crystals of a free vuuiado-selenous acid have been obtained, the com- 
position of which is 3V2O5.4SeO2.4lI2O.cUaq. It contains four mole- 
cules of water of constitution, and, according to Prandtl, should be 
formulated II, jAyO,-. 41128003. (cU— 2) aq. 

Vanado -tellurites. — These compounds are of interest in that the}' 
arc the onR hetcropoly-acid compounds containing tctravaleiit tellurium. 
They arc prepared by mixing hydrochloric acid solutions oJ‘ tellurium 
dioxide with solutions of vanadium pentoxide in caustic soda and then 
neutralising with more hydrochloric acid, or by mixing strongly alkaline 

^ Fr'iedteiin and Casteiidyck, Btr., 1900, 33, 1G12. 

- I'd'icdlieini and Henderson, ibid., 1902, 35, 3243. 

^ Rosenheim and Ki'ause, Zeitsch. mwrg. Che///,., 1921, 118, 177. 

Prandtl and Lnslig, Ber., 190d, 38, 1307 ; ZeiCch. anor/j. Chem.., 1907, 53, 393 ; 
1911, 73, 223; compare Canneri, Gazzetta, 1923, 53, 779 ; Itosenlicim, Zeitsch. anorg. 
Chem., 1915, 93, 273. 
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solutions of tellurium dioxide (in excess) and vanadium pentoxide. 
The former metliod gives rise to yellow powders which readily hydrolyse 
and become colloidal witii waiter. Their composition is Xao0./?,Te02. 
2 ¥2^^ 5* 2^ 5 where n^ 5 , 6 or 10, according to the composition of 
the precipitating medium. The latter method is remarkable because 
all other heteropoly-acid salts are prepared either in acid or neutral 
solution ; it gives rise to wdiite needles, the composition of wdiich again 
varies with the relative projoortions of oxides used. Tlic products lose 
some of their tellurium dioxide content on being recrystallised, and are 
probably not true comjDOunds.^ 

No vanado-tellurates have been prepared, although molybdo-, 
tungsto-, pliospho-, and other heteropoly-tellurates are known. 

Vanado-iodates.— When vanadium pentoxide is dissolved in hot 
solutions of iodic acid, HIO3, orange-yellow cr^^stals of a sparingly soluble 
substance having the composition V2O5.I2O5.4I-I2O are obtained. The 
four molecules of wmter are a factor in the constitution of the acid, since 
they cannot be removed wdthout decomposition taking place. Several 
other similarly constituted compounds have been prepared,^ viz. 
¥203.21205,101120 ; V2O5.I2O5.5H2O ; 2V2O5.SI2O5.I8H2O. These all 
undergo hydrolysis with precipitation of vanadium pentoxide on being 
boiled with water. By the action of ammonium hydrogen iodate, 
NH4l-I(I03)2, and potassium hydrogen iodate, KH(i03)2, on the acid 
V2O5.I2O5.4IT2O, salts liave been prepared wdiich have the followdng 
compositions : (XH4)20.V2^5-*^l2^5 K2O.V2O5.2I2O5. The vanado- 

iodic acids are probably derivatives of ''ortho-iodic acid,” I (OH);,. The 
compound V0O5.I0O5.4H2O, therefore, has the followdng probable 

constitution ^ : Ig 


\(0H)4 

Vanado -periodates. — \anadium pentoxide dissolves in boiling 
solutions ol‘ tlic alkali ])eriodates to j)roduce yellow or red, crystalline 
vanado-periodates, the compositions oi' wdiich apjiroximate to the 
followdng ; 5Xa2O.5V2O5.2I2O7.Hl2O and 5K2O.5V2O5.2I2O7.HI2O. 

By altering the relative acidity of tlic solution, various other complexes 
Iiav'c })een ol)tained,‘^ r.g. 5Xa.,0.7V.)05.Io0^.27iIoO ; 6X^a20.9Vo05. 

loO^.dcSlI.O ; ;3Xa20.2V\05.[20V7H20 ; dK20.2V205.1 2O7.17HI2O ; 

and ;3 (X!I,j) 2^^'-^ 205-1207. GHUO- The wnitcr in tlic last three com- 
])()unds has bcxai showai not to be writer oi* constitution, and tlic salts 
can be regarded as tri basic vanado-periodates of the general formula 

11,3 two oxygen atoms in the ])eriodatc ion [lO^^]^ 

ha, VC been replaciid by (V()3)' radicals.''' 

Oxaio-vauadates.- -These compounds arc obtained in large 
yellow' prisms (side by side wdth red ])oly vanadates) by the action of 
vanadium pentoxide on boiling solutions ot alkali oxalates, or by the 
action of normal alkali vanadates on acid oxalates. Th.cy have the 


f.eiicral ibnnula 3ilbO. V 205 . 4 CoO,.a;Il 20 or 


ft.inO, i.e. 


^ Joiia, ((jk/ssoD, 1907) ; Ahcgg and Auerbach, lldridhiicJi cltr ayiorgumschc'ii 

(L(*ii)zig), 1921, 4 , i (second liall), 1912. 

“ Ditie., (Jorn.jd. rc/iuL, J 889, 102 , Tni), 1019, llln. 

■' Rosenheim and Vang, Ztitsch. anorg. Cht'uh., 1923, 129 , .181. 

Rufczback, Dissertation (Bern, 1905). ^ Rosenheim and Yang, loc. cit. 



COMPOUNDS OP VA^"AD1UM: 


in 

they can be looked upon as derivatives of ortiiovanaclic acid, 

The amino Ilium, sodium, potassium and barium salts have been ])reparedA 
On ])eing l^oilcd vitli vanadium pcntoxidc tJicsc salts oive rise to the 
OivaJo-molybdoi'aiiadates, ^v’liich also form bright yellow crystals.- Those 
which separate most easily iuive the compositions : 

2R*20.V205.2C203.2MoOo.:i;HoO (I 1 --NH., or K.) 

and 

3R-20.V205.2Co03.C)Mo03.aTLO. (R-NITj, Xa, K or OTa.) 

Tliese arc most ])robably derivatives of tiie oxalo-vanadates in which 
eo-ordinative oxygen atoms have undergone substitution by (MoO.j)" 
groups. Hence they arc alternatively represented as 

(C20,) 

V(.MoOJ 

0 , 

resjDcctively. 

Vanado-stannates are referred to on p. G 7 . 

All the foregoing hctcropoly-coni2)ounds contain vanadium pent- 
oxide. A large number of other compounds have ])cen pre])ared which, 
from their analytical data, appear to contain one of the lower oxides 
in varying proportions together with the ^^entoxide, c.g. vanadous- 
vanado p] to sp hates, ^ naiiadoits-vaiiado an seriates,^ vanadoiis-tanadomolyh- 
dates, vanadous-ua.nadotungstatesS' Tlie constitutions of these have not 
been established. 

Pervaxadic Acid and the Peji vanadates. 

Pervanadic Acid has not been definitely isolated in the solid state. 
When vanadium pcntoxicie is dissolved in hydrogen peroxide solution 
which also contains sulphuric acid, a red solution is formed from which 
on concentration in vacuo greyish-yellow crystals, which arc assumed 
to have the composition ITVO,i, pervanadic acid, are dej)osited. They 
give the reactions of a per-acid, but are dillicult to analyse in conse- 
quence of their unstable character." The preparation of the crystals is 
best carried out at low tein])eratures, because at ordinary temperatures 
vigorous evolution of oxygen takes place in consequence of the catalytic 
dcconqjosition of the liydrogen peroxide by tlie vanadium pentoxide. 
A similarly coloured solution with similar pro])erties is also obtained by 
the action of sul|jhuric acid on bari um ])crvanadate,® According to Meyer 
and Pawlctta,^ the red solution contains tlie compound (^00)2(^04)3, 
which undergoes hydrolysis in tlie following manner : — 

^ Roscnlieitn, Ber,, 1893, 26, 1191 ; ZcllscJi. (niora. Chc./ii.., 1893, 398 ; 1S9(), ii, 225 ; 

.Rosenheim, It/.ig, and K()])pel, tirirL, 1899, 21, i ; Ihilte, (Joi/ijjt. rend., 1889, 102, JO 19. 

“ Abe, eg and AuerbacJi, loc. cit., p. 1040; Gnielin-.Ivraut, ( lieidelberg), 19U8, 

3, ii, 204X95, 1094-1095. 

^ (Jmelin-Kraut, loc. cit., pp. 127-128, 148. 

Ibid., p]n 929-930, 932-933. 

Ibid., pp, 203-204. 

Ibid., pp. lSG-188, 934. 

" Scheuer, Zeiack. aiiorg. Cdicm., 1898, 16, 284. 

® Pissarjewskv, Zeitsek. jjh.y.sih.al. Clicni., 1903, 43, 190, 173 ; d. Phis^. Chem. Boc., 
1902,34,210,472; 1903, 35, ‘42. 

° Mev'er and Ihiwlctta, Zeitsch. anal. Chem., 1929, 69, 15 ; ZcUnch. angeir. Chem., 
1926, 39; 1284 ; Hotlicrsall, J. Boc. Chem. Ind., 1924, 43, 270. 
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^2V0,(0H)3+3H,S0,. 

1' ellow. ^ 


rpj ■ 1' ellow. 

I'apidly on beino- warmorl .xrif; . • ^mperatures, and more 

pentoxide. ’ ' and repreeipitation 

soIutio/LclTmSeT^ the red compound m 

cules of hydrogen peroxide : ^ ntoxide reacts with two mole- 

p . ^A+2H203=2HV0,+H,0. 

when It is found tlSt two moIecuLs of’ ea?,«r " sock 

molecule of vanadium pentoxide TP ^ required for each 

confirmed by measuring^Te e^^kale^ o^T ‘^«d 

potassium pervanadate. conductivities of solutions of 

cUokXjtfdSSX »*yse. a„l 

on standing, more rapidly on warmine- anTf ’ oxygen slowly 

pentoxide. Decomposition of the solutio^i!T^®i vanadium 

pi dilute sulphuric acid 2 p^.,.,. accelerated by the presenep 

been prepared by the action alkali "^metals W 

nietavanadates ; pervanadotes r y^^CftCn peroxide on the alknli 

ta. i»i.tcci b; dSi'X'f,:' ,x“ , '“"y ‘S 

Diese salts vary from bright yellow Pervanadatc. 

it I /“^'■J'bous or micro-crystiliinc TP^^ ^ and 

dilute solution, e.g. ' undergo liydrolysis in 

'^''o,+u,o,;!Kvo,+n,o., 

C' l/vo‘\ '’ IM-vanadate, Cdf VO 1 " ’ 

‘1 4)2, 'pervanaddie, PliiVO ^ • /•?/ ■’ pervanadate, 

potassium jjervanadate KVO •0,7'’“’ ^ LiVOw 

pervanadate, IStiiVO ■ -uul ^.y dJervanadate, AgVOm sodium 

magnesium, manganese, aucl niekd aluminium, cobalt, cojiper, 

but ammonium and ’ixkaslmSk^dc4k^ isolated, 

mimmnmn, salt has the compositton fmD V o'" arc kuownd The 
issolvmg ammonium metavanadate NIIV^o"^^' " prepared by 

ol hydrogen peroxide, addimi ammonium I i” ■ f" aqueous solution 
•sau. Is of ammonia, and then mecS , n ^«l»tion 

reaelion is thought to take the followim" ci’Ln • T 
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pervanaclatc, XII 4 VO 4 , is first formed, and this reacts with water to 
yield ammonium pyropcrvanadatc, (NIl 4 ) 2 ir 2 Vo 09 , in solution : 


0—0 

\/ NH,0. 

2NH.j0.V=0^H,>O = 

HO 


0-0 0—0 



.0X11, 

on 


This substance unclera'ocs furtlicr cliaiige with ainmoniuin iiydroper- 
oxidc, X'IT,O.OIT, which is also (brined in solution at the same time, 
to yield the comjiound (X"n,),V„ 0 ,, : 


0—0 0—0 



xOXH, 


■Rio/ \0;H" 

H0;0XII, XH,0;0H 


0—0 0—0 

NH 4 OX \/ \/ 

\ — o — V < 

xir^o.o^ 


0 X 1 I 4 

0 . 0 XH 4 

-!-2IIo0. 


Ammonium pyropcrvanadatc crj^stallises in minute, slender, yellow, 
rhombic prisms, remain] ng undecomposed for some time when dry, 
then slowly decomposing witli evolution of oxygen. Wiitl'i concentrated 
sulphuric acid it yields ozonised oxygen, and with dilute sulphuric acid 
hydrogen peroxide. 

The ammonium and potassium salts of ortho per vanadic acid have 
also been prepared.^ 

Orthopervanadates. — The ammonium sail, (Xdl 4 ) 3 VO(j. 2 ^- 1120 , is 
obtained by dissolving ammonium metavanadatc in excess of con- 
centrated ammonia solution, cooling to 0 "^ C., adding 30 j^ier cent, 
hydrogen peroxide, and then precipitating with alcoliol. The ])roduct, 
alter washing with ether and drying, is ])alc blue, and ])robably has 
the constitution 

XH.O.Ov yO 

x ! 

(xii,o)./ m 


With large excess of hydrogen peroxide an indigo-blue salt which 
contains more oxygen, probably VO 2(011 )(O.OXAl 4 )o, is olAaincd. 

Potassium OrfJwjoervanadate, K 3 VO,j. 2 -J If.^O, is also blue, and is 
prepared similarly to the ammonium salt. 

Vajiadium oxylluorides also react with hydrogen peroxide to yield 
complex compounds.- These arc not so well deiiiicd as in the case of 
the peroxyfluoridcs of niobium and tan talum. 


Vanadium and Sulpiiur. 

Vanadium Monosulphide, VS. -Tlie lowest oxide, of vanadium 
which can be obtained ])y tlic reducing action of hydrogen is vanadium 
trioxide, V 0 O 3 . In the case of the sulphides, however, tlic redueiug 
action of liydrogen appears to proceed still further, notwithstanding 
the fact tliat liydrogcn sulphide is a mncli less stable compound at 
a red heat than water-vapour. By ])assing hydrogen over heated 
vanadium trisulpliidc, V 2 S 3 , at 1100 '' to 1200 ° C. for from four to eight 

^ Mclikotl' and Jelhehaninoff, Ber., 1909, 42, 2291. 

^ Abegg, Handhuch der anorganischen Che-mie (Leipzig), 1907, 3, iii, 745, 781. 
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days, the monosulphide, VS, has been obtained A AVedekiiid and Horst, “ 
however, were unable to obtain any of the sulphide by this method, 
but found that it resulted, more or less impure, from the action of hydrogen 
sulphide on hypovanadous oxide, VO. Vanadium monosulphide forms 
either glistening, black scales, of density 4-2, or a brownish-black, 
amorphous powder, density 4-4. Its magnetic susceptibility has been 
studied.^ On being heated in air it absorbs oxygen readily with 
formation of vanadium pentoxide and evolution of sulj^hur dioxide. 
It is attacked only very slightly by boiling hydrochloric acid, both 
strong and dilute, and boiling dilute sulphuric acid ; hot concentrated 
sulphuric acid dissolves it slowly, while nitric acid, strong or dilute, 
attacks it readily. It is soluble in colourless ammojiium sulphide, giving 
a purple solution, and in yellow ammonium sulphide, yielding a wine-red 
solution. Caustic soda and ammonium hydroxide have a slight solvent 
action on the sulphide. 

Vanadium Trisulphide, VoSg. — The most convenient method for 
the preparation of vanadium trisulphide in quantity consists in 
drawing the vapour of carbon disulphide for several hours over 
vanadium pentoxide heated to redness.^ It also results from the action 
of hydrogen sulphide gas on vanadous oxide, VoOg, or on the higher 
oxides of vanadium, or from the action of hydrogen sulphide at a red 
heat on aii}' chloride or oxychloride of vanadium. Vanadium trisulphide 
has been obtained in black, glistening scales, of density 3-7, or as a black, 
amorphous powder, of density 4-0, according to the initial material. 
On being heated in air this sulphide evolves sulphur dioxide and forms 
vanadium pentoxide, but the reaction proceeds much less readily than 
in the case of the lower sulphide. The behaviour towards acids, colour- 
less ammonium sulphide, yellow ammonium sulphide, caustic soda, and 
ammonium hydroxide is like that with the lower sulphide. 

Vanadium Pentasulphide, VgS^. — Vanadium pentasulphidc is 
prepared by heating vanadium trisulphide with slight excess over the 
calculated quantity of sulphur at 4 00"^ C. for several liours ; excess of 
sulphur is finally removed with carbon disulphide. This reaction is 
reversible, for on being heated in the absence of air the pentasulphidc 
loses sulphur and re-forms the trisulphide. Heated in air it Ibrms 
vanadium pentoxide. It is a, black powder, of density 3-0. It does not 
differ from the lower sulphides in its behaviour towards acids ; colourless 
ammonium sulphide also dissolves it to give the purple solution glvxa 
by the other sulphides, but yellow ammonium sul])hide prodiaces a 
brownish-red solution. It diflcrs markedly from the otlier sulphides 
in being readily dissolved by caustic soda, especially on warming, and 
in this respect acts in a manner comparable to A'anadium pentoxide. 
Several tldcrc ana dates analogous to the vanadates are known."" 

The order of stability of the sulphides of vanadium is not tlic same 
as that of the oxides ; for whilst in the oxygen series the pcnta-coni- 
pound is stable at a red heat, in the sulphur series the ])cnta-com])ound 
is converted into the trisulphide at this temperature. Again, the 
trioxide is permanent in hydrogen at intense redness, wifi 1st the tri- 
sulphide is reduced to the monosulphide under similrir conditions. 

^ Kay, J. Ch(i))i,. Soc., 1S80, 37, 734. 

- Afcdckind and Horst, Ber., 1912, 45, 202. 

Wedekind, Zeit-sch. angew. Cham., 1924, 37, 87. 

^ Kay, loc. cit, ^ Kay, toe. cit. 
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A sulphide in which tlic vanadium is tctravalent, correspondin^ii; to 
the oxide VO 2, iias not hitlierto been j^repared. 

Vanadium Oxysulphides. — No vanadium oxysulphides ot definite 
composition have been prepared. Uy the action ot acids on solutions 
of vanadium pentoxide in ammonium sulphide, or 0]i solutions of alkali 
vanadates which have been saturated Vvith hydrogen sul]:)hide, brown 
precipitates are obtained which consist of oxysulphides of variable 
composition.^ 

Hypovanadous Sulphate, VSO4.7H2O, is obtained in solution 
when vanadium pentoxide is dissolved in sulphuric acid and reduced 
in the absence ol‘ air with sodium-amalgam, zinc, or cadmium. The 
sc})aration of the liydrate is effected by first reducing the pentoxide in 
acid solution with sulphur dioxide to the blue tctravalent state, and then 
continuing the reduction electrolytically in an atmosphere of carbon 
dioxide until the colour of the solution changes to violet.- Concentra- 
tion in vacuo deposits transparent, reddish-violet crystals, which become 
bluish-Abolet even Avith traces of oxygen. The crystals are monoclinic, 
and isomorphous Avith crystals of ferrous sulphate, FeSO ^. 71120 , They 
undergo oxidation rapidly on exposure to air and are readily soluble 
in Avatcr ; dilute aqueous solutions in the absence of oxA^gen evolve 
hydrogen, Avhile concentrated solutions also yield hydrogen sulphide.^ 
When brought into contact Avith other compounds the sulphate exerts 
the same reducing action as hypoAmnadous chloride. Its solutions have 
the property common to solutions of ferrous sulphate and chromous 
sulphate of absorbing nitric oxide. 

Hypovanadous sulplmtc gives rise to double sulphates Avith the 
sul 2 )liates of ammonium, lootassium, and rubidium. Hypovanadous ani- 
vioniuni suljoJiate, b"S04.(NII.^)2S04.GH20, is formed Avhen ammonium 
Amnadate is electrolytically reduced in the presence of sulphuric acid. 
IF U'pov ana dotes potassium sulphaie, VSO4.K2SO4.GlVO, is made by 
electrolytically reducing A'anadium pentoxide in sulphuric acid solution, 
then adding potassium sulpliatc and continuing tlie reduction. In the 
same Avay hypovanadous rubidium sulpdiate has been prepared, but it lias 
not been found possible to obtain it free from A’anadium rubidium alum. 
These double suljd'iatcs form A'iolet, monoclinie crystals, Avhich are not 
stable in air ; they arc not so rapidly oxidised as the simple hyjmA'anadous 
salt, hoAvever ; they are less sohurle in Avatcr than the simple salt, and 
give yellow or brownish-ycIloAV solutions aa’IucIi may contain com])lex 
ions. IlypoA’anadous sulphate also lias the property of forming mixed 
crystals Avith rnagiicsium, ferrous and chromous sulphates : tliesc have 
the forrauhe: (V.Mg)S 04 . 7 lI .0 ; (V.Fe)S 04 . 7 n .0 ; ( V.Cr)S 04 . 7 n 20 .-' 

Vanadous Sulphate or vanadium sesquisulphate, V2(S04);‘, is 
readily olytained in solution by reducing a. solution of \rinadium pcnl- 
oxidc in sul])liurie acid either by means of magnesium or cflcel rolytically.'^ 
91 ie solid lias been obtained by slowly Iieating to IcSO' C. in an atiuosphere 
of carbon dioxide a solution of green acid vanadous sulphate, ^ 

I I2SO4.1 21! 2O (sec next page), in water whicli has l)een slightly acidibed 
Avith suljihurie acad. Ammonium vanadous sulpliatc, (Nil V(S04)2, can 

^ l^(?r‘Z(‘]ius, Ln)fjfi. Ainifthn, .IS.'Jl, 22 , 1 ; Kay, loc. ciL 

“ Conaiit and (OutiM-, J. Aniar. (Jlie'in.. Soc., J920, 48 , 10] 9. 

^ ( Leipzig, lOOG). 
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also be iisecl.^ Yanadous siilpliate forms a micro-ci\ystalline, yellow 
powder, which is insoluble in water ; it decomposes on bciny heated in 
air with formation of vanadium pentoxide.“ By the action of con- 
centrated sulphuric acid on vanadic acetate several green or yellowish- 
green hvdrates of vanadous sulphate have reccntlv been ]3repared : ^ 
V2(S04)‘3.3I-I.0 ; V2(SO.)3.4noO ; Vo(SO,)3.9LL;;b ; V2(SO3)3.l0- 

llHoO ; of these the tri- and tetra-hydrates appear to correspond 
in general behaviour to the green tri- and tetra-hydrates of chromium 
sulphate. 

Acid Vanadous Sulphates and double vanadous sulphates. — Electro- 
lytic reduction of solutions oi‘ vanadyl sulpliate, YOSC},^, has given two 
green, crystalline, acid vanadous sulphates, according to the amount 
of sulphuric acid also added : 

Hy(S04)oMlIoO or Vo(SOJ3.noSO,.8n20.4 

I-IY(SOJ2-CHoO or Yo(S04)3.I-l2S04.12HoO.- 

By electrolysing a solution of ammonium metavanadate in sulphuric 
acid instead of vanadyl sulphate, the ammonium salts of these acid 
sulphates arc obtained, viz. XIT4V(S04)2.4ll20 and XIl4Y(S04)2.GIl20. 
The latter is referred to again below. These acids (and their salts) differ 
from one another in their general properties, for instance in the acidity of 
their solutions, in the electrical conductivity of their solutions, and in the 
ease with which they undergo oxidation. From a study of their analogy 
with the coiTes])onding compounds of chromium, the constitution 
[ \"(S04)(ir20)4]S04lI has been ascribed to the tetrahydraie acid, and 
the constitution | V(S0.4)2(1 2^ b) the lusrahydrate acid.^' 

By the action of sulj)huric acid in varying (|uantity on solutions of 
\nnadic ac*etate in glacial acetic, acid, compounds having the com- 
positions 1 1 V(S()4)2.5ll20 and JI Y(S()4)2.8l! oO have been ])rcparcd ; 
dehydration of these gives rise to II V(SO.p2--l 1 2^ IIY(S04)o. 

Th(i ammonium salt of the podalnjdraie add, XH4\^(S04)o. 51120 or 
[ Y(ir20)4l(S()J(S().jXn4).ir20, has also been isolated. 

When the redind-ion of the \’anadyl sulphate is allowed to proceed 
in the ])resenc(t of tlic sul])liatcs of the alkali metals or of thallium, two 
s(‘ri(‘s of double^ salts are obtained, the composition of which again 
\'arics with tlu! amount of sulplniric. acid })resent and with the other 
condi lions. 

Series I. has the gxaicral formula, 11Y{S()4)2.1 211 2O or lU^O^. 
\h,(S()4)3.2 tl h>0, which corrcsp{)nds to tlu' composition ol‘ the alums 
formed i)y ilu^ indals of (iroup 111, and other groups. The vanadium 
alums are very similar in their Ixh.aviour to lerric, chromium and 
aluminium alums. They ervslallisc' in regular, pentagonal hemihedra, 
\'arying in colour, with inciasisc' in atomic* weight of the alkali metal, 
from the* violc't. of the* ammonium alum to tlu* ruby-red ol’ the ca;siuni 
alum. The following table ineludc*s those alums which have hitherto 
l)(‘(‘n pr(*par(*d : 

‘ Auger, ('oi/ipt. H /t(L. 173 , :><)(■). 

“ Stuiiler ;ui(l W’liliiuein, ]!){)”), 38 , .8978. 

Me\(“r and .M a riv< )Uil /., '/iit-'-rfi. aitoni- ('hcut:, 157 ^ -L. 

' l->riei'le\\ ./. Clnni.. S<>r.. 1 SSI'., 49 , S3:’> ; (•()nii)are r’iselua-, I'rfnis. A/nrr. dh rlroclicm. 

191(i, 30 , 191. 

St;Uil(‘r and Wirt hweiii, Inr. nl. '• iMever and Maikowil/., lor.. ciL 

" Idccdni, Zritsr/i. (more. Chou.., 1S9(), II, I06 ; 1897, 13 , d41 ; Luckc', AnKir. Chtm. J., 
1901, 26 , JOG ; Auger, loc. cAt. ; Fddiiicr, Coniid. rcmL, 1927, 185 , 1200. 
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Fonniila. 

Solubility 
ill 2 litres 
of Water 
at 25° G. 

( gram- 
ill ols.). 

1 Tenipera- 
! turc at 
whieh 
i C'lystals 
Melt in their 
Whiter of 
Crystallisa- 
tion. 

Colour. Density. 

V,(S0i).3.(NHa2S04.24H„0 

1-210 

20° C. 

Violet 1-687 

V„(S0a3.Na.,S04.24lI„0 ' . 


i 45° C. 

1 . . 

V,(S04).5.K,S0,i.24H.,0 . 

3*480^ 

; 9° C. 

Greenish-violet 1-782 

Vo(S04),.Rb,S04.24li,0 . 

0 -irr 

I 6 . 4 ° C. 

Bluisli-violct 1 1-915 

V,(S04)3.Cs„S04.24I-I,0 . 

()-020 

^ 82° C. 

Ruby-red 2-033 

V„(S 04 ) 3 .TUS 04.2 . 111:0 . 

0-57:3 

48° C. 

1 led d i s h - V i ol c t 2 ■ :3 42 


Bultenuvnu- o})scrvc(I that vanacUiuii anuuonimn alum se])arates out 
in blue crystals iVoni a solution con tail liiii’- sulphuric acid, but IVom solu- 
tions containing- a \vcak acid, or irom neutral solutions, red crystals are 
obtained. (The chromium alums can also be prepared in dilTercntly 
coloured modifications.) The analytical data, mcltiiyo'-jmint, electrical 
conductivity, rate of cfllorcsccncc, and y'cneral behaviour ot both kinds 
of crystals arc identical, so that it is dillicult to ascribe different con- 
stitutions to them. Meyer and iNIarkowit/ have shown that botli 
forms separate out wlicn the molecular proportion of sul])huric acid 
in the solution is less tlian that tlicoretically recpiircd, and attribute 
the red colour to the j^u'cscncc of braces of vamulous oxide, VoO... or 
its hydroxide, V(Oir)3. Vanadium rubidium and xamadiuin (cesium 
alums bcdiave in the same way. A vanadhun gnaN.idinc alum, has also 
been ])rc])arcd.'^ 

The <^cncral constitutional j’ormula (‘or the vanadium alums is 
|V(II,Po')(;l(SOJ(S(),iR), which dilTers from the formuhe for other 
double \'anadium sulphates in that the sulpliato j.)-rou})s arc not attached 
to the nuclear vainadium. atom. 

Series IJ . — This ap])cars to comj)rise the salts oi the acid fiV(S()4)2. 
GiloO mentioned above, since they can be obtained by l)oIliny this acid 
with the respective alkali sulphates. Only two members ol the class 
have been examined : 

(NlT,)oSO,.Vo(SO,),.12!IoO or (XI L',)V(S0,),.Gn20. 

(llb)oSO,.Vo(SO,)3.12llo6 or RbV(SO,)o.GlIA). 

By heatiny the alkali vanadyl sulphates, compounds have been obtained 
which can be looked u])on either as the dehydrated forms ol members 
of this scries, or as salts of the acid sulphate, 11 V (804)0. mentioned 
above : ^ 

(Xll4)V(S0,)o or (Xlf4)oS04.Vo(S04)3. 

XaV(SO,)o ^ or Xa.oSO^, Vo(SO,,)3. 

K V (804)2 ^ K oS O 4 . \ X ( 8 0 ) 3 . 

These liavc tlie ycncral formula 1 V(S04)2]B. 

^ At 10" C. “ Itiltcinanii, Zcit-'!ck. PjU hlroclu:>ti,., .1901, 10, 141. 

^ Moyer and Markowit/., loc. clt. ' Canneta, Uazzetta, 1925, 55? Gil, 

^ -Rosenheim and Moiig, ZeAU-ck. anorej. Chan,., 1925, 148, 78. 




98 


VANADIUM, NIOBIUM, AND TANTAIJTM. 

It is of sonic interest to note that iron and alinninium also give rise 
to d()ul)le sulphates in ^vlrLc]l the number of molecules of water is less 
than in tlie alums. 

Vanadyl Salpliites.— -Normal sulphites containing tetravalent 
vanadium have not hitherto been prcyiarcd in consequence of the 
rceidiness witli wlucli liydrolysis takes y)hrce. A considerable number 
ot x'anadyl sul]i]iites are, however, known, as well as their double salts, 
wliich. no dou’ot, are Jictcro'poly-acid conpoumh. 

Wlic'ii a mixture ol th.e oxid'es resulting from tlie 

(h'composition of ammonium metavanadate, is treaded in boiling aqueous 
solution wiUn sulpliur dioxide, a blue licpiid is obtained from which 
uiuku suitable c*onditions the following blue, crystalline liydrates of 
\ anadyl sulphite, \’()S();>, can he isolated : WjSO^.BlIoO ; VOSO3. 

\h )S();;.Sib/). The liopiid also gives rise to an amorphous, 
giaaan iiydratisl, basic va.nadyl siilph.ite, VO o.VOSO 3.411 Up or 
2\'( )o.S( ).. t.l U A). ^ Aiioliaa* bhue erystaliiue complex sulphite, haviug 
llu‘ eomposi bn )n 1 \ O^.BSOo. U)i I A), hi\s bec'u ])’‘epared by a similar 
j)rocess,“ and by reducing barium metavanadate in acpicous suspension, 


t iu‘ blue, f 

•rysl a nine 

(*( uu pound 

oVOo.'jSl 

i)o.t 11 i A> results.'^ 

/ h 

>iih(r 

' Sails 

a/ 1 

'(umdijl Sulpfriic. - ii 

iy tlu‘ action of sul])hur dioxide 

on \ aimd: 

1 : ( s in 

tlir 

pr( ‘Sen ce 0 

f \- ary mg 

moU'cidar pr()])ortions of alkali 

sulphi t ('s. 

1 \\a ) sf 

■ries 

ol' a Ikadi 

niadyi sul pi bites lia\'c‘ Ix'cn olhained. 


'/ K'S 

/. h ! 

US ( 

•(aasists ol 

1 due com 

pounds having th(‘ general for- 

n n d a 

HA' 

.:A'(U 

AS( 

/•:..(). nl 

idich can 1 

)<• n gardi^i as derivative's of the 

\ a 1 1 : H 

1 \ 1 S 1 ! I p i 1 1 i < 

* > % 
A '■ y % 

d b.. 1 . 

IN . 0 . wh 

ieb can lx/ alternatively w’rittcii, 

11 ( ) ; 

:;\'u 


i 

: V. ‘Ai<- 

fi illov'. me 

!ia\ c preparc'd : (XIl^)A). 

)„ 


) A J 1 


Xa .o.:a'o 

..e:SO...:U 

]..n: K„0.:!\'()„.‘2S()„ ; :uid 

/in ).: 

:;\’u 

. dSA., 





N 

f / ' 

//. ' 

i lua 

, ( -n! ! 1 1 'I’l'.. • •. 

•'i-'M ii aubalama-, which ari' gc'iienillv I(\ss 

,!;-bi 


m i ia- 

i!U ; 

;d ' i-. ..r lU 

rill.';- VC Cl* 

V. and lia\ (‘ 1 lu' gciU'ral ronimla, 

lU V 

\ ^ ‘ 

) 

? • 

‘ ’til' ll 

■ ! !< a. ill" ; 

irr known : 

> :\ 

. i 

■> \ 


^ . t • ' el: 

I) .'!• 

1 Mh;.,0.\'()„.'2S().,.l or 

\ 

1 >( ) 

\ $ 

^ ; Ti 

d 1 V 

. .r 


!\ 

) 

\ ^ 

■ U . 

: ^ ' 

' 'V 

!x Ib\ 0 .,iiS0.,.‘dnA). 


. . 

id'i a 

0 . 

• 1 . ; 0 ' 


ha^ pr< pai'cd a larvc lumihia’ 

1 . , . 




a a, ; . 

1 i i .'-h 

In* propoi't ’oils of hash* oxide. 



1 i ' ' ' 


; d uhSa 

a ' h- « . hi' 

aa-\ em c idci'ably : 


•> 

\ ! ; ' 

; io 

\ ' i . " ‘ 

Pd 1 m 

).r.\ i )„.:;So.,.r)n..(). 



i 1 ’ ' 

> A ' 

: .-m A' 

p 

!s d l\'0,..::S0...gnA). 


d 

■ n ‘ ' 'v 

' 1 

, -a ) 1 ; m 


.b ./v iso...;di,.o. 



i ! : \ 


: A ; ' a 


n.i\ 



( / p • 

\ i ) 

i -1 : ; • 


1:1. j 


m -‘t u j -e .eU . 

m • ' i ; O'- V • . i U i j. 

; ; -m • i ; ,D. 

' i , . . M ^ ^ h I i 1 rj M niieal ceinpi 

1 *. ! ; • ' , ; ; . . I • 1 ! 'idle < 1 \ id< s \ ( ) .,. v i 1 ii 

' . ! I 1 ' • a .1 il j)li uric soliitioii 

i i,, 3 : ll'iip - 4 , ;;i) 2 U. 



COMPOUNDS OF VANADIUM. 


99 


of vajiadiiun })cntoxidc, V0O5, Vvith sulphur dioxide, two distinct coju- 
pounds arc obtainable, according' to tlie quantity of suipliuric acid 
present : 

(a) Neutral vanadyl sulphate, VOSO4. 

{b) Acid vanadyl sulphate, 2Y0S04.1I2S04..^d-I20- 

Vanadyl Sulplude, YOSO4, exists in two modilications, ifisoluhle and 
soluble. The insoluble variety is best obtained by heating any of tlie 
acid vanadyl sulphates to 260° C. It is a greyish-green, micro-crystalline 
powder, which is insoluble both in hot water and in hot dilute acids. 
It is readily decomposed by alkalis to form brev/n, liydrated hypo- 
vanadic oxide. On being heated at 130° C. in a sealed tube with a 
little water, it undergoes conversion into the soluble form, which can 
also be obtained by eva]:)oration of a solution of the hydrate, 2YOSO4. 
I'lIoO, to dryness. 1 or by evaporation of a solution of vanadium pentoxide 
in sulphuric acid in the jarcsence of alcohol.- This modification is a 
blue, amorphous, gummy mass, completely solul)lc in waiter, giving a 
})luc solution v-hich becomes green in air and slowly dcjiosits the green 
oxide, YOo. On being heated in tlie absence of air it again forms 
liy])ovanadie oxide ; in the presence of air the pentoxide, VoO^, is 
])roduccd.'‘^ 

Several blue, crystalline hydrates of vanadyl sulphate^ have been 
prepared from hvpovanadic oxide, YOo : YOSOj.2noO ; YOSO^. 
2UI2O ; YOSO^.THoO ; YOS04.3i-HoOl YOSO^.oHoO ; YOSO4. 
oilloO ; YOSO4.7H2O. The diJiydratc, YOSO4.2II0O, has been ])re- 
pared electrolytically.*'' Most of these give a greyish-green 'rnoiioh.ydrdie, 
YOSO.i.IYO, on being heated to 150° C., and all of them undergo 
deliydration to form iiisoluble vanadyl sulpluite at 260° C. It is doulitiid 
if these arc all indn'idual eliemieal com])ounds ; tliey may be mixtures 
of hydrates. Tliey are, however, characterised by tlieir crystalline 
ibrms, ruul in that they can, in several cases, be ])reparcd by ditrerent 
methods. 

Acid VaiK/dyl Sulphates, ol‘ general ibrmula 2 A''OSO,j.n ^O, 
arc ])rcparcd by reducing solutions of vanadium pentoxide in sul})]uirie 
acid OL sucli concentration that there arc more than, three molecmles 
ot sulphuric* acid ]ier jn.olceule of vanadium pentoxide.*' .Fw'aporation 
on xhc water-bath yields ihc da hy dr cfte, 2Y0S04.n2S() i.oll oO, which, 

on being heated to 200° C., undergoes deliydration and forms the eom- 
pound 2Y0S04.S0;5 or 2V02.3S'0.3. l^y treatment at intermediate 
temperatures the following hvdratcs have also been prepared : 2YOSO4. 
n2S0,.3!i20 : 2Y()S0,i.iloS04.2ll20 ; .tY0S04.2H oSO,.! IhO. Gain 

has shown tliat ]u']){)\'anadie oxide combines ivitli sulphur trioxide to 
pi’oduee x arious otlier c'omplexes Ctll of wiiieh are blue, erystalliiKe fairly 
stable sul)stane(*s. Tliey liave the gcjicral formula tYOo-.rSO.,.//!! 2O, 
ill which X varies lietwecn t and 10. 

Doable Saifs of Daaad.yl Sulphaf.c. -Two scries oi‘ double* salts oi‘ 

‘ C'rov/, ./. C’ncoih. Ui)C.. ]S7(), 30, 4r>7. 

•’ (-uwir’d, llnll. Sor. rlmit.., 1S7(), [liL 25^ 97>2. 

•’ i d;rJ.;ii(l-. Urr.. ! 87(), 9. S(;g ; iS77, 10.2109; lv()pj)(>l and Ooliretidl, ZeiU’cl/. (oioig, 
('Ik iii., I'Kdt 35, 170. 

' (d'lin, A tot. Clihith. 1908, [viii|, 14 , 224. 

•’ Fisciior, Traii.'<. Avuor, I'JUrlrorJuon. Soc., ] 016,30, 193. 

*’ Compare Anger, Co7ivpt. rc.nd.. 1921, 173 . 306. 
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vanadyl sul]} 1 iatc and alkali sulphates arc knownd Tlie members of 
the first series have the general formula 2V0S04.1l'2S04,crH20, and are 
obtained by reducing' solutions of the alkali metavanadates in sul])hurie 
acid v'ith sulj^hur dioxide and then adding excess of the ])articular 
alkali sulphate desired. They form blue, eryslallinc compounds vhieh 
undergo dehydration at 175 ^ C. The following liavc l)een prepared : — 

2 y 0 S 04 .(XH 4 ).S 04 .Hb 0 ; 2 VOS 04 .(XH,,)oS 04 . 

4y0S04.2Xa2S64.5lI.6 ; 2 yOS 04 .XaoS 04 . 

2yoso4.KoS04. 

Fischer,- by the same method, prepared the double sulphates with 
calcium, magnesium and aluminium sulphates. 

The members of the second series possess the general formula 
yOSO^.R’oSO.^.uFUO, and thus contain a smaller molecular pr()[)ortion 
of vanadyl sulphate than the members of tlic j^receding series, from 
which they are prepared by the ])rolonged action of aleoliol on neutral 
solutions. They also yield dark blue, erystallinc compounds, which 
undergo dehydration at 175 ^ C. The following are known : — 

2 y 0 S 04 . 2 (xir 4 )oS 04 . 7 iio 0 : yoso4.(xi[4).,so4. 

yOSO^.XaoSO^.dl-yO ; y 0 S 04 .Xa,S 0 “ 4 . 

yoso 4 .KoS 04 . 3 ii 20 ; yosOi.KoSO... 

The general compositions of these two series of double salts correspond 
to the compositions of the double sul])hatcs of divalent metals, c.g. 
2ZnS04.K2S04 and ZnS04.KoS04.6H20.'^ 

Vanadic Sulphates. — Two of these arc known, viz. 
and y205.2S03. The former has been prepared in ruby-red, transparent 
octahedra by boiling vanadium pentoxidc with excess of sulplmric acid ; 
if the boiling is coiitinucd for some time, golden-yellow needles sc]:)arate 
out. The crystals absorb wmter rapidly and simultaneous formation of 
vanadyl sulphate takes place, so that analysis is dilheult.^ IMilnziiig^ 
doubts the existence of ToO^.^SO^, because ])y the same process he 
obtained the substance y205.2S0o, which is also extremely deliquescent, 
and exists either as a red, crystalline mass or as a xxllow powxler. if 
the sulphuric acid solution is strongly heated, a dark-browui niodilicatioji 
is obtained wdiieh changes slowly into the red variety. It has rcccsitly 
been shown that wdien heated in sul})huric acid solution, tcdraA'alent 
vanadium is partially oxidised and pcntavalent vanadium ]:)artiall_y 
reduced to an equilibrium mixture.^’ A crystalline form oi‘ the com- 
pound y205.2S03, with rather different ])roperties, has been obtaiiied 
by the clecomposition of alkali vanadyl sulphates." Fhc action of 
concentrated sulphuric acid on vanadium pentoxide lias also gi\'C‘n a 
hydrate, y^Og.SSO,^. 31120 , in either yellow or red, deliquescent crystals. ^ 
This hydrate can be alternatively written VoO^.-Sl! 2SO4. but no corre- 
sponding salts are known, although by addition of the rcspcetiv'c alkali 

' Koppel anti Bohrcntlt, loc. at. 

" FischiM', y.'raia. A //U'r. Eketrorhe/m. Eoc., 1910, 30 , 187. 

RoBenhtnin and Monii;, Zeitsch. duorf} Chan., 192.7, 148 , 20. 

Gerland, AVr., 1878, ii, 99. 

^ Munzing, Chan. Zentr., 1889, ii, 90S. 

Eichner, Com/pt. rend., 1927, 185 , 1200. 

' Rosenheim and Mong, loc. cit. 
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sulphate to its solutions two complex salts have been prepared, which 
can be looked upon as double sulpliates of V0O3.SO0, namely, 

(Nil, )oO.Vo03.i>S03.4il/0 and KoO. Vo03.2S03.()Iio0. 

A compound intermediate in composition between vanadic sulphate 
and vanadyl sulphate has been obtained by reducing a solution of a 
vanadic salt in sulphuric acid witli sul]dnir dioxide, or by mixing 
solutions ol the ]:)entoxidc and the dioxide in sulphuric acid A 

Vanadyl Dithionate, VOSoO,;, is prepared by treating a solution 
ol vanadyl sulphate with barium dithionate. It decomposes on standing, 
with evolution of sulphur dioxide.- 

Thiovanadates and, OxytJrioi'anadates. — A series of crystalline salts is 
known which resemt>le the ortho- and pyro-vanadates in composition, 
cxcc]3t that tlie oxygen is either wholly or partially replaced by sulphur. 
Cojxjjer ortJiothiovanadate, Ci,i3(YS4)2, occurs naturally as sulvanife 
(see p. 11). The following thio- and oxythio-conpDounds have been 
prejnired.^ 

Ammonium Orthothiovanadate, (XH4)3VS4, is obtained in 
rhombic crystals by the action of ammonium hydrosulphide on 
potassium metavanadate or sodium pyrovanadate solution. It also 
separates out slowly from an ice-cold saturated solution of ammonium 
metavanadate in concentrated ammonium hydroxide which has been, 
previously treated wdth hydrogen sulphide. 

Ammonium Pyroxyhexathiovanadate, (XH4)4V2S(50, is de- 
posited in red crystals when hydrogen sulphide is passed into a solution 
of ammonium metavanadatc in ammonium hydroxide of higher specihe 
gravity than ()-808 and the mixture kept for several months at a low 
tem])erature. ddic corresj^onding ■polassiuiti salts, 

K4V2S,;0.I-l-ll20, are prepared in a similar manner. The normal 
])otassium orthothiovanadate, K3VS4, has not been separately isolated, 
although mixtures whicli most ]:)robably contain it, together with the 
normal ammonium salt, have been prepared.,. 

Sodium Orthoxytrithiovanadate, Xa3VS30.5H20, is obtained 
in dark, reddish-brown, deliquescent crystals by the action of sodium 
hydrosiilphide on sodium pyrovanadate. The anhydrous salt is formed 
when vanadium j)entoxicic, sulphur and sodium carbonate are fused 
together,^ or by tlic action of hydrogen sulphide on sodium ortho- 
vanadate at ;)()0° to 700° 

Sodium Orthoxymonothiovanadate, Xa3VS03.1 OlIoO, has been 
obtained in orange-yellow crystals by the action of sodium hydro- 
sulphide on sodium ])yro vanadate. 

The action of hydrogen sulphide at liigh temperatures on sodium ])yro- 
vanadate gives rise to sodium pentathiopyrovanadate, Xa4V2S302, 
whicli is a hygrosco])ic substance very similar in its colour and lustre to 
potassium p cr mai igau a t c. 

Tliiovanadates of the heavy metals have proved dilllcult to isolate ; 
addition of solutions of salts of zinc, manganese, copper and silver to 
a solution of ammonium thiovanadatc gives precipitates which consist 

^ Augcirand luchner, Coinpt. rend., 1927, 185, 208. 

- (dicni,. Xeics, ISIS, 38, 294. 

Ki'iiss and Olininais, JJer., LS90, 23, 2047 ; An.nalcn, 1891, 263, .09. 

Krn.ss, Ze.lincJi. (t/iiorg. Oieni., 1893, 3^ 204. 

^ Locke, Amtr. Chem. J., 1898, 20, 373. 
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J Locke, loc. czt. 

" von Oefelo, f 7 .iV. JOit. i fa jom 
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_ Moyer and Markowk.z, C , /” 

•; OLin, loc. cit. ; also 
7 AT P'’ dW/My^. reW., I KSO. 

9 ^;^su 7 koff. /v,dTy.f 

ei'.A’ tic MrlitlL, J 914 , I, (J.'iO; ,/. doc. Ckem. 
’ ' ^ eoinparo at--.) 'I ainniann, Zvitneh. anorg. 1922 , 124 , 25 . 
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Vanadium Subnitride, VoN, is described as a black powder which 
is nob attacked ?)y liydroeliloric acid or caustic ])otash solution. It is 
soliChlc in con(*entrnicd nitric and siilpliuric acids, and evolves ainnionia 
on bcina heated witli solid caustic potasli. 

Vanadium Mononitride, Vis, can be j^repared synthetically, but 
it is more conveniently prepared by calcining aminonium nietavanadate, 
XII.jV03, lieating the black residue to a white heat in a 

current of dry ammoiiiad It has also been obtained by the action ot 
dry ammonia yas on vanadium oxytri chloride, VOCl^,- and ])y iicating 
a mixture of vanadoiis oxide, V0O3, and carbon at 1200^ C. in an 
atjnosphere of nitrogen.'^ It is a greyish-brown ])owder which melts 
with decomposition at 2050 ° C. Its density is 5 - 91 . The electrical 
coirductivity, magnetic susceptibility, and crystal structure have been 
investigated,^ and the dissociation ])ressures and calculated heat of 
formation arc given by Slade and Iligson.*'" Vanadium mononitride 
is a very stable compound ; it yields vanadium ]:)cntoxide only on being 
very strongly heated in air. It evolves ammonia on l)eiiig treated with 
steam at 400 ° C.,^' when iieated with soda-iime or when boiled witli 
caustic potash solution. Nitric acid dissolves it, but liydrochloric acid 
and suljDliuric acid are without action. 

Vanadium Dinitride, VN2, is obtained as a black powder by 
passing ammonia gas over vanadium oxytrichloride, VOCI3, Iieated 
in a glass tube (to expel tlie aminonium chloride formed), washing with 
ammonium hydroxide, and drying in vacuo over sulphuric acid. It 
undergoes oxidation and evolves ammonia on being ex'poscd to air ; 
on being heated it evolves iiitrogen and forms the mononitride, V^N ; 
it is readily attacked by molten caustic potash and hot nitric acid."^ 
Alkali Vanadyl Nitrites.— -l^y dissolving liypovanadic oxide, VOo, 
in aqueous solutions of vanadyl nitrites the ibl lowing alkali vanadyl 
nitrites have been ])rcpared: — 

K20.2V02-‘'^N203, 1 H2O . . Colourless, regular, hexagonal juksms. 

(NIl4)20.2V02.2N203.GH20 . Pale yellow prisms. 

The corrcs])onding sodium salt is very unstable.''^ 

Vanadium Nitrates.- No nitrates of vanaxlinm Inivc licen isolated. 

When ]iy])ovanadic oxide is dissolved in nitric acid the ])lue solution 
winch results ])roba])ly contains vanadyl nitradc, V0(N03)2, but on 
evaporation oxidation ensues and hydrated vanadium pentoxide is 
obtained. UIuc solutions ol’ vanadyl nitrate arc more con vc-nicntly 
obtained by ])rcci])itating vanadyl chloride with silver nitraict or 
vanadyl sulphate witli barium nitrate.'^ Addition of nitric acid to 
hexammino- vauadium trichloride viclds hc\rann/il)i()-ran(((Huni 

^ Roscoo, </. Cltf.rn. Hoc., ]87(), 23 , 344, 348. 

in^.-^coc, ibid., I8t)8, 21, 3n). 

Rficulcrioli and SittU, Zi-itsch. anon/, (di.r.iti., li)2.‘), 143, 

’ Wd'doidnd and Her., lfU2, 45 , 2(iS ; '•'ri.alrricli, ZciUr/i-. Pf/i/rit, 1!)24, 31 , 

813 ; and Idjcrt, ih/.d., {924, 31 , 298. 

8 iad(; and Hibson, JieporLr, 1913. 441 ; •/. ('hrm,. Hoc.., 1910, 115 , 214. 

W'ldudioiisc, loc. clL. 

" IPa'^oot', J. (Jhem. Hoc.., 1808, 21 , 3-19 ; tdii-lanb, Avvnlcv, 1848. 103 , 134. 

Vain, Atm. (ihi-ni,. P’n.i/s., 1908, lvni.’|, 14, 224. 

(diyard. Puli.. Hoc. eJuuh., L870, |ii|, 25 , 342. 

Meyer and Racka, Zeitnik. ariortj. (Jfi.eni., 1924, 135, 177, 
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Vanadium and Phosphorus. 

Vanadyl Hypophospliite, V0(Il2P0o)2*H20, is a bluish-green, 
sparingly solulhe, crystalline substance, obtained by heating solutions 
of vanadium peutoxide and hypophospliorous acid.^ 

Vanadyl Phosphates, VO2.P2O5.3H2O and 2VO2.3P2O5.IOH2O, 
are ])reparcd in blue needles l)y tlie action of h^pDOvanadic oxide on 
phosphoric acid.- 

Vanadous Pyrophosphate, V 4 (P 2 O-) 3 . 30 ll 2 O, is obtained as a 
green, llocculent ])reeij3itate M'hen vanadium ammonium alum is added 
to a solution of an alkaline pyrophospliate.^ 

The i:(nia(lo2')h.osphates, violyhdovanadophospJiates, and tun gstov an ado- 
phosphates have been described on pp. 84 and 85 . 

Vanadium and Arsenic. 

Vanadyl Arsenates. — TVo of these have been prepared by the 
action of hvdrated hv})ovanadic oxide on solutions of arsenic acid : 
2V02.2 As205.3TIoO and 2VO2.3AS2O5.6I-I2O. They arc both sky-blue, 
crystalline comiiounds, and tlie latter rapidly becomes green on 
ex|.)osurc to air.^ 

The heiero poly -acid, salts of vanadium and arsenic have been dealt 
vdth on p]). 85 and 86. 

Vanadium and Carbon. 

"When either vanadium trioxide, VgOg, or vanadium peutoxide, 
V2O5, is reduced with carbon in the electric furnace, the product contains 
carbon in proportions varying from 4 per cent, to 25 per cent., depending 
on the temperature attained and other conditions^ If a mixture of 
the ])cntoxide and sugar charcoal is heated in the carbon tube of the 
electric birnacc for ten minutes, a dehnite carbide having tlie formula 
VC is obtained. IMore recently this compound has been prepared by 
heating a mixture of vanadium trioxide and carbon in an atmosphere 
of liydrogen at 1100^ C.^ 

\Mnadium Carbide, VC, forins silvery- white crystals which are 
harder th.an (piartz ; density 5-25 to 5-40 : m.pt. approximately 2750 ^^ C. 
Vanadium carbide is not attacked 1 a' water, hydrochloric acid, or 
hydrogen sul])liide, even at a red heat. Nitric acid dissolves it in the 
cold. It ]:)urns at 800 " C. in chlorine with incandescence, and at a red 
heat it reacts with oxygen, nitrogen, ammonia, potassium nitrate, and 
])otassium ddoraie. On being fused with vanadium trioxide, V0O3, 
in a crucible provided with a refractory lining, the carbon burns away 
and a product containing 9 S-I 1 ])er cent, of A'anadiuin is obtained.’ 
The dissociation ]:)ressures,^ electrical conducti\dty, and crystal structure 
for this carbide ^ have been measured. 

1 Mawrow, Zeitsch. anorg. Cheni., 1907, 55, 147. 

- (lain, Cotap. rend., 1907, 144, 1271, 

Rosenlieiin and Tj'iaiitapliyllides, Btr., 1915, 48, 582. 

Berzelius, Pogtj. Aiinalen, 1831, 22, 1 ; Uricdlieim and Selirailz- Dumont, Ber., 
1800, 23, 2000 ; (Oiin, Compt. raid., 1907, 144, 1271. 

^ Moissan, ibid., 1893, 116, 1225: 1896, 122, 1297 ; B.ufi' and Martin, ZeAtscU. angeiv. 
Clienh., 1912, 25, 49; eomparo p. 18. 

^ Eriederich and Sittig, ZeiBch. avorg. C}iem.„ 1924, 144, 172. 

" Baifi’ and IMartin, loc. cJt. 

^ Slade and Higson, J. Chern. Soc., 1919, 115, 210. 

^ Fricdericli, Zeitsch. Physik, 1925, 31, 813; Becker and Ebert, ibid., 1925, 31, 268. 
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Aloissan reported the existence of several other vanadium carbides, 
V3C, VoCo* V2C3. and some of these have received attention in 

connection vitli the investioation of tlic constitution of vanadium steels. 
xArnold and Reed isolated a double carbide of iron and vanadium having 
the formula 2Fe3C.V4C3, but a mixture of several other 

carbides.^ The action of various etching agents on vanadium carbide 
lias been investigated with a view to distinguishing it from other car- 
bides in inetallographic work.^ 

A carbide of vanadium is also obtained liy the action oC carbon 
monoxide on the metal at 500° to 800° C. The finely divided metal 
catalyses the reaction, 200 — 002 + 0, and the carbon thereby isolated 
is taken up by the vanadium.^ 

Normal carhonaiea of vanadium arc unknown. An unstable am- 
monium vanadyl carbonate, of composition 3(NH4)2C03.7V02.5C02. 
IGlIoO, has been obtained in small, violet crystals by the addition of 
ammonium carlionate to a neutral solution of vanadyl sulphate.'^ 

Vanadium and Oyanogen. 

Vanadyl Cyanide. — Berzelius^ obtained vanadyl cyanide by the 
action of hydrocyanic acid on hydrated hyjDovanadic oxide in the 
absence of air. The product Avas not, however, analysed. 

Potassium Vanadocyanide, K4[V(CN)3].3H20, is obtained by 
reduction of a solution of vanadous oxide, VoOg, in acetic acid by means 
of potassium amalgam in the absence of air, the ])roduct being treated 
with potassium cyanide.^ Its aqueous solution is red, and addition 
of alcohol to it precipitates brownish-yellow, a])])arently tetragonal 
crystals w'hich rapidly become dark blue in juoist air. It reduces 
silver salts to metallic silver, mercuric chloride to mercurous chloride, 
and is analogous to the corresponding })otassium ferro-, potassium 
mangano-, and potassium cobalto-double cyanides. 

Potassium Vanadicyanide, K3[V(CX)3], is prepared by the 
addition of excess of concentrated potassium cyanide solution to a 
concentrated solution of vanadous chloride, VCI3 ; precipitation in 
the cold with alcohol gives rise to small rhombohedral plates. The 
solution is not A'cry sta])le and ra])idly becomes turbid, vdiilc addition 
of an acid produces the green colour which is characteristic of the V*" 
ion. The com])lex ion |V(CN)(/|''' a])])ears, therelbre, to be unstable, 
unlike the corresponding [Fc^CX)^]''", | Cr(CX and [Co(CX)(5j"' 
com}3lex ions. The solution reacts with salts of heavy metals to yield 
variously coloured ])reci]3i tates of double cyanides." 

An unstable double salt of potassium ])yrovaiiadate and ])otassium 
cyanide, K4V207.tKCX .1 4ll oO, has been prepared, as w^ell as a com- 
plex addition com])ound of sodium vanadvl evanide and hexamethylene- 
tetramine, Xa3VO(CX)3.2C3H4 0X4.51120.'^' 

^ Arnold and .Meed, J. Iron Siccl I/lsL, 1012, 85, 215. 

~ (d'ocsbt'C'k, Proc. A'lnc.r. Soc. for Tc.,<Un<j M (dr rldls, .]92(), 26, i, 5()1). 

^ Meyer and Backa, Zeds eh. (uior(j. (An-m., 102-1, 135, 177. 

Koj)[)el, Uoldmann, and Ivaul’inaiiii, ihUl., 1!)05, 45, 8-10. 

Jka'zcdius, Po(jg. Annaltu., 1831, 22, J. 

J.’ctersen, />c;A, I0(J3, 36, 101 I ; Zeitsd. atiorrj. (JIko/i,., JOO-I, 38, 3-12. 

" Locke and Edwaixts, Anurr. ChtHL. J., 180S, 20, 50-1. 

Petersen, lo(\ cIl. 
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Vanadium Ferrocyanldes. — Solutions of vanadates, when treated 
with potassium fcrrocyanide, yield a preei]:)itate of doubtful composition d 
The compound is insoluble in mineral acids ol‘ luyh concentration, and 
a method involving its precipitation lias recently ])eeji suggested for 
the estimation of vanadium in steclsA 

Double Salts of V anaclous Tliiocyauale. — When vanadous sulphate, 
\"2(S04)3, in solution, is treated with barium tluocyanatc, a green 
solution-^ is obtained which is believed to contain vanadous thiocyanate, 
V(SCN)3, but attempts to isolate tliis conrpound have not met with 
success. Its double salts with the aJkali thiocyanates have, however, 
been obtained in well-defined crystals when an alkali thiocyanate is 
substituted for the barium salt. The following are known : — 

Atiivionium vanadous thiocyanate, 3XIT4SCN.Y(SCX)3.4HoO ; dark 
green crystals. 

Sodium vanadous thiocyanate, 3NawSCX.V(SCX)3.12lT20 ; red tablets 
or leaflets. 

Potassium vanadous thiocyanate, 3KSCN.V(SCX)3.4ll20 ; bright 
red crystals. 

These cojnpounds probably do not contain a complex [V(SCX)(j] anion ; 
if they do, it must be extremely unstable in dilute soiutio]i, because {a) 
their aqueous solutions, wliich are brown, at first, assume the green 
colour due to tlxe V*'* ion ; {b) addition of an alkali precipitates vanadous 
hydroxide, V(OH)3; (c) acidified solutions on the addition of ferric 
salts give tlie blood-red colour characteristic of tlie (SCX)' ion ; (d) 
depression of free/ing-point data ];)ear out the foregoing facts. 
II exam LetlLylenetetr amine aqu()-va)iadous 'peniathiocyanate, (CJii gX 4.11)2 
[ \^(SCX")3.(011 )2l.ii2f)? ^^^d a basic pyridine vanadous tetrathiocyanate, 
(C5li5XMI) 3. [V(SCX) 4(011)0], have, however, ])een prepared from 
amnumium vanadous thioey anal c.^ 

Ammonium Vanadyl Thiocyanate. — This compound and tlic 
corresponding potassium vamadyt thiocyanate arc obtained in blue, iso- 
morj:)jK)us, rhombic crystals ])y the addition of ammonium or ])oiassium 
tliioeyanatc, as the ease may be, to a nc\itral solution of Auinadyl 
sid])hate, VOSO.j. Their compositions are 2Xll4SCX.V()(SCX)2.5ll20 
and 2KSCX.\T3(SCX)2.5ll2f^* Xeitlica* tlie corresponding sodium com- 
])()imd nor the {fee vanadyl tiiiocyanatc, AX)(CXS)2, iuis been isolatcxk' 
l)ut a violet-red bismuth vanadyl tldocyaiude, 2111 (SCX )3.3VO(SCX)2.7l loO 
or { VT))..l Jh(SCX )3|2.TII 2^), bas .recently been prepared.' 

Among otiicr organic ('om])ounds of vanadium tlu^ 1 ‘oliowing are 
known; Fanadous acetate,^ vanadous acetijlacelo}iaic, vanadous hcnzoyl- 
acetonate,'^ vanadous carbamides,^^^ vamadyl aceton(des,^^ vaoiadijl acetate, 

^ Wyroiibofr, (Uiiin. .tdri/s., 1876, j v’j, 8, 444; compare; Attcrbiag, /Vr., .1S7()’ 

9, 14 75.' ' 

- Kvans and CJarko, A fiah/sL 1928, 53 , 47o. 

(loniparc l>c)ii<j:i()vaiiiii, I Ujllr.Lino chi>n,ico f(rnn,a<'o.niir,o, 1910, 49 , 407; J. (■horn. 
Xcr., A, 1010, 98 , [i'j, 721. 
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vanadyl oxalate, vanadyl malotLates, vanadyl succinate, vanadyl scdicijlate,^ 
alkali vanadons oxalates:- alkali vanadyl oxalates^ alkali vanadyl tar- 
iralcs, alladi vanadyl salicy tales d alL-ali vanadyl citrales,^ oxalonanadates 
cltru-vanadalesd complex ciniuunates and caniphorates,^ aceto-selenatcs d 

Vaxadium and Silicon. 

Vanadium and silicon arc miscible in all proportions in the liquid 
state up to GO per cent, vanadium. The eutectic point is at ltdl" C. 
near to tlie silicon end of tlic series, wliilc the composition at the 
maximum ap])roximatcs to the composition of tiic disilicide, VSi 2 d‘^ 
Two compounds ot vanadium and silicon, V^^Si and VSio, have been 
})re]iarcd in the elec trie furnace. 

Vanadium Subsilicide, V 2 Si, is obtained by fusing a mixture of 
vanadium trioxide, V.^Og, and silicon, wdtii the addition of either a large 
excess of vanadium or car'oon or copper. The carbide or copper alloy 
produced is decomposed at the tcin})erature em])Ioyed.i^ The silicide 
forms metallic prisms, of density 5*48 at 17^ C., tlie m.pt. of which is 
inglicr than in the case of the disilicide. It is attacked by the lialogens, 
hydrogen chloride gas, and fused sodium or copper, but hydrochloric 
acid, nitric acid and sul])huric acid are without action. 

Vanadium Disilicide, VSio, is ])rcpared by reducing a mixture of 
vanadium trioxidc and silicon witii magnesium ; vanadium peiitoxidc 
can also be employed witli the addition of liuorsjiar to the mixture.^- 
Gin used a mixture of the jientoxide, silica, and cokc.^'^ Vanadium 
disilicide is a very stable compound ; it forms metallic jirisms which 
melt at 1055° C., liave a s])cciiic gravity oi’ 4-42, and arc liard enougli to 
scratcii glass. It is attacked by hydroduoric acid, hydrogen chloride 
gas, and fused alkalis. 

llypovninadlc oxide, VOo, and vanadium pentoxidc, V 0 O 5 , both 
dissohm in liydroliuosilicic acid to yield a vanadyl Jl/ansilicate and a 
vxinadhun Jki() silicate, botli of doiibtrui composition.-^’^ 

A compound oi‘ vanadium, aluminiunL and silicon is rderred to 
oil [). 28. Tlie inolyhdovanadosilicales and tiin.gxlovaniadosilic(dxs arc 
dt‘Scril)ed 011 pp. 88 and 80. 

Vanadliat and lk)RON. 

Vanadium Boride, Vib is prcj)arcd by fusing a mixture of the 
elements in ^iuicao at tlie tcm|>eraturc oi’ ttic dcctric (iinuic-c. It is a 

' {.'.nil, Ann. (AtifU.. iaoS. 14 , 2l‘- 1 ; Sflirnimn, Z'it.nh. ({norij. Ohci)h., 11)27, 

i6i.2;)i ; s'H' .ilsD i 1‘i'zcliiis. A/iri(i[fN, ISML 22 .. i. 

“ Ojr.cini niid iL''i/./.i. Zi ilx'li. (in')i(j. (Aicjii,., ISDl), 19 , d;) 1 ; i>iilt(‘ni:»iin, Zt'ilnch. hhlAro- 
r.h , IDOL 10, Mi. 

K()})]k- 1 and (ddilniann, (uiorij. (JJic.nt:, IDoM, 36 , DSl. 

’ Uar'Dier'i, Alli- Jl. Accad. IAnr,A, 1,DI4, 23 , D7, 408; llosiadulin a.nd Zcilsch. 

(ijiorfj. (JlitDi., 1D25, 148 , 1 !> 1 . 

'' (Jaiincri, arizmAta, 1D2(), 087, DOl. 

'■ 800 j). DO. 

' idLi’hicri, .■ilti .R. A raid. lAtnc.d, jDI.7, j v], 24 , 721. 

Scjtfliai'iid a,!id Aii-oldi, ( Xzzdia, !.D2d, 55 , 44. 

Itc.Vcr and Ai ai'kovvitz, Zi-llnrli. ariojnj. (Jhn iH.., ID2(i, I57-- 211. 

( duOcilaiuscn, IhuL, 1DL7, 91 , 2,71. 

Alnissaii and MOlu Ann.. ('h.L/ii. /A/fjn., ID()2, 27 , 277. 

Mc\'cr and ItacL.i, Zcidc/i. anor/j. C7, •.(://!,., 1D24, 135-' I 
; dll, El-trii'orJicnt-. Aid. ! ii'L, 1 DOD, y, 201-. 

J' Bci'zcdiii:^, Roijf/. Af/nakti, 1 824, I, 109; 1824, 2 , 210; ( -uyard, JdnlL Soc. chirn., 
1870, [ii]. 25 , 852. 
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i, metallic substance, which is attacked by nitric acid, hydrofluoric 
[, and fused alkali.^- 

:V vanadiiun bar ate ol uncertain coin|)osition is oljtained by fusini^ 
lixlure of vanadium ])entoxidc and boric anhydride. It forms 
n or ^mllowish-green crystals which, however, undergo hydrolysis 
lily.“ A vcviadyl borate is also obtained by the action of borax on 
adyl su]])hate solution,-^ and a complex vanadiuin borotungsfaie has 
1 prepared. 


^ Wedekind, fe'., 46 , 1198. 

“ (di^-ai'd, Bull. Son. chim., ISTd, [ji], 25 , .‘IdO. 
3 Berzelius, Bogg. AnnaUn, 1831, 22 , 1 . 



CHAPTER IV. 


THE DETECTION AND ESTIMATION OF VANADIUAI. 

Detection. — Apart Irom naturally occurring ores ol’ vanadium, 
vanadium steels, and Icrrovanadium, the connnonest compounds of 
vanadium are those which contain the element in the pcntavalent state, 
viz. tlie pentoxide and tlie various vanadates. The analytical reactions 
usually employed arc, tliercfore, those which apply to vanadates. Most 
\'anadium ores can be prepared for the application of these reactions 
by digesting with mineral acids or by alkaline fusion with the addition 
of an oxidising agent. When the silica content is high, preliminary 
treatment with hydrofluoric acid is recommended. Vanadium steels 
and bronzes, and Ibrrovanadium, are decomposed by the metliods used 
for otlicr steels ; the drillings are, for instance, dissolved in sulphuric 
acid and any insoluble caiTides then taken up in nitric acid, or they 
are filtered off and submitted to an alkaline fusion. Com])ounds of 
lower valency are readily converted into vanadates by oxidation with 
bromine water, sodium peroxide, or ])otassium permanganate. 

JTet Tests. — [a) When rendered Jaintly acid, colourless solutions of 
vanadates become yellow, and, with th(‘ addition of more acid, orange- 
red, in cnnse(]ucnce of the formation of polyvanadatcs. 

(/;) Hydrogen sulphide, on being passed through an acidilic'd solution 
of a vanadate, does not give rise to a precipitate, but a blue solution 
results in consequence of the formation of a vanadyl salt. Ihue solu- 
tions arc obtained also by the action of other reducing agents (sec p. 57). 
This reaction is not peculiar to vanadium com]':)Oun.ds, since salts of 
molybdenum also give blue solutions on being reduced. In the case of 
\'anadium, liowcvcr, by the use of zinc, cadmium or alumiiuum, reduc- 
tion can be made to proceed still further, with the formation of a green, 
and finally a lavender, solution. 

(c) Ammonium siil])hide, on l)ciug added to a neutral solution of 
a x’anadate, gives rise to a brownish-red solution which c;ontains a 
thioxanadatc. Ammonium sulphide cannot, however, be employed to 
separate those metals normaliy precipitated by this reagent, since 
vanadates of zinc, manganese and nickel arc thrown down when the 
solution is rendered alkaline. ^Vhen the thiovanadatc solution is acidi- 
fied, partial precipitation of the vanadium takes ])lace in the form of 
sul])hides or oxysulpludes. 

(d) Ammonium chloride solution has no action on the alkali vmnadates, 
but if sullicicnt of the solid is added to i'orm a saturated solution, colour- 
less ammonium metavanadate is prcci]3itated. 

(c) Ammonium hydroxide is similarly without action on acid solu- 
tions of alkali vanadates, but if added to a vanadate solution which 
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contains cations of ferric iron, aluminium, chromium, uranium, barium, 
etc., vanadates of these metals may be precipitated. In tlie ordinary 
process of group analysis, the vanadyl salt wliich is present in the 
nitrate from the ]\ydrogen sulphide group may undergo rcoxidation 
to the vanadate when this hltratc is warmed witii nitric acid previous 
to adding ammonium hydroxide for the precipitation of the hydroxides 
of iron, aluminium, and chromium. This oxidation can be carried 
to completion by boiling with liydrogen peroxide solution. For the 
separation of vanadium from iron and aluminium, the precipitate 
first produced on addition of ammonium hydroxide is redissolved in 
nitric acid, and the precipitation is repeated tveo or three times. If 
the precipitate is boiled witli ammonium idrcspbiate, the vanadium 
passes into solution and leaves tlie iron and aluminium in the residue. 
Iron can also be separated from vanadium by the addition of excess 
of sodium carbonate and sodium peroxide to an acidiiicd solution of 
tlie salts, whereupon the iron is thrown out as ieri’ic hydroxide and 
tlic vanadium remains in the filtrate as vanadate. Traces of vanadium 
occluded in the precipitate can be removed b\^ dissolving the latter iri 
the minimum quantity of nitric CcCid and repeating luc prcci])itati()ii. 
An alternative method for the separation of aluminium irom vanadium 
depends on the fact that a boiling dilute solution of sodium aluminate 
and sodium vanadate precipitates aluminium liydroxide wiien it is 
treated with a large excess of ammonium nitrate in small (puintities 
at a time; addition of barium chloride to the filtrate prc'cipitatcs 
barium mctavaiiadatc.^ If chromium is ])rese]it if will Inive l)cen 
oxidised to chromate by the hydrogen })er()xidc or sodium peroxidci 
treatment, and will be left in solution with the vanadate after removal 
of iron and aluminium. In. ordcT to scpanite tin* ehroinium rmd 
vanadium, the acidihed chronuite-vanadatc soluli(m is reduced with 
siil])hur dioxide, warmed with ’oromine watxu' (which oxidises the 
\'anadyl salt back to the vanadates without adfee. ting [1 k‘ chromium salt), 
and tluai poured into a, U) |)er e.cut. solution ol' C'aus'.ie. soda, (■hromiuin 
hydroxide is ])rcx;ij)itad7ed, while tlie Nxmadaix' ixanains iii solution.- 
An alternative uuUiod for tiu; st‘}>r.ra[.ion ol* elironiium and x’anadiuiu 
consists in jirecipi lading wilh lead ;K‘(^laie : axauie add and liydrogen 
pcu'oxide are auldcxl to Mk! vana,da.tc‘-(*hr<)mal e solubon, wiu'rdiy the 
chromate is reduecxl lo the chrmnie salt; adddion of iea.d aedate at 
this stag(' throws (lo^v^ h-ad \'anadaie, llu' cliromiiim s:i}t rcMuaining 
in solution. 

( /’) Idle (X)l()ur change i)ix)ducc‘d by llu' aiddi* iiai oJ'hydrogcai peroxide 
to a strongiv acid solution of a vaiiiadale conslii ul (‘S llu‘ eommoiu'sl. 
(]ualifafi vc‘ test I'or tlu“ pix^siaice of vamadium. iiigii eonecail rations 
of vamadium give rise to an intcaist' reddis'i-brown ('o’oration (see 
p. hi), while v'erv low eoiiecail raaions give* a. faint rosi'-red (hit. d'iie 
reaction is siidicicaitly ddicale i.o d(d(x*t 1 part of vanadiinn in 
In applying the test if is luxxvssary to rcancanlKW Miat (diromium, liiaiiimu 
and iron also jiroducc ('omjim’ahle ('oioralions. In the* ease of ehromium, 
liowcw'er, llu‘ further addition ol* (dlier gives a i>lu(' eolour, vviicaxais the 
colour due to vamadium is unariVe(.(‘d ; addiiieai of !i vdrolluorie avid 

^ \\'ftig(‘r and Vogi Ison, llrlr. .Ice/, iniO, 2 , ode. 

- Urouning, ./. .-(///, cr. ('In tn.. X'or., /^3, i M. 

iVg'ycr and ILwlctta, ZcLlsch. (nuil. ('lujtt.., !;)2(), 69, Id. 
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or of ammonium lluoridc destroys the colour due to titanium, and any 
yellow colour due to tiic presence of iron is removed by addition of 
phosplioric acid. 

Tannin yields a rich blue coloration witli vanadates in con- 
centrations down to 2 mij;‘m. of vanadium pentoxidc per litre. Gallic 
acid and ]yvroG‘alloi also ^ive a blue colour. Commercial ethers, which 
contain vinyl alcohol, give rise to a rose coloration in concentrations 
down to 0-1 mgin. of vanadium pentoxidc per litre, or even as low as 
()-()2 mgm. ]-)ev litre if the pro]:)ortion of vin^d alcohol is increased.^ 
“ Cupferron ” produces a red coloration with w'eak solutions of vanadium 
salts even when tlic dilution is 10“^ mgin. per c.c.“ A 0-2 per cent, 
aqueous solution of dij)hcnylamine in the presence of hydrochloric acid 
gives a violet coloration with aqueous solutions of vanadium com- 
pounds ; this colour is not aJiceted by the ])resence of nitrates, titanates, 
or iron, and detects vanadium in a solution wdiich contains 0*0002 ]:)er 
cent.'^ Addition of an extremely dilute solution of potassium thio- 
cyanate and a trace of sulj)hiiric acid gives a yellow' coloration which 
becomes blue w’ith further addition of sul]:>huTic acid ; this reaction is 
sensitive to 1 part of vanadium pentoxidc in 5000.^ Vanadates also 
gi\'e colour changes with resorcinol,^ quinine,^' morphine," strychnine, 
])henol,^ aniline,^ etc,, and have, therefore, been employed from time 
to time as analytical reagents ibr these organic compounds. 

(//,) Solutions of vanadates w']:iich are neutral or faintly acid with 
acetic acid readily yield precipitates of vanadates of tlie lieavy metals. 
Silver nitrate, w'ith a carefully neutralised solution, produces a curdy, 
rcddisli-broAvn prcci]htate, solulde both in ammonium liydroxide and in 
nitric acid. Mercurous nitrate throws downi a yellow' precipitate of mer- 
curous vanadate, w'lnch is soluble in nitric acid. Lead acetate gives a 
yellow' preci]:)itate, which dissolves in nitric acid and becomes wdiite on 
standing. Orthovanadates can be distinguished from metavanadates by 
the colours of the co])per salts which tliey throw' dow'ji on the additioji oi' 
co])])er sulphate ; mctavaiiadatcs yield a yellowg crystalline precipitate, 
wliilc orthovanadates yield an aq)plc-grecn yjrecipitjitc.^^ These colours 
vary, however, witli the acidity of the solution. 

(f) Solutioiis oi' j)yrocatechol acetate and aniline, or pyrocatcchol 
acetate and piperazine, are scjisitivc micro-reagents for vaiiadium.^‘-^ 

Drij Tests.-— {a) Wd'.en strongly licated in a, borax bead vanadium 
coin])ounds impart a yellow' coloration to tiie oxidising llaine and a 
light green coloration to the reducing llamc. (h) 'When lieatcd in a 
bead of rnicrocosmic salt in tlic oxidisijig flame, vanadium (compounds 
iinj)art a browmisli-red coloration ic; the ’head, Avibicli becomes orange 
on cooling ; in the reducing llamc a brow'nish-grecn colour is ])r(jduccd. 
(c) Vanadium compounds do not colour tlic ordinary llamc. 

^ M.ii.moiu C 0 ) 11 . pi. rtihd... 19(U, 138 , S2. 

- Uocltnu Arod. FU. ()» i),i... 1914, 12 . 8(V. 

■' Atcaurio, A)u.d. Soc. (A'l})!.. A'Kjtntind, 1917, 5 , 18a. 

' iniram, (Jluoii. ZonLr.. ]89(i, [ii], 21 I 
■’ Lc^ V, (A)‘)ft-pl. rc'iid., 1880. 103 , 1190. 

'* voii Kl-H'.ki, Z(:iFrJ/. ff/Kj/'o. (d/<-/)/.., ;894. s. .*>74. 
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Estimation of Vanadium A — Volumetric Methods. — The most 
convenient and the usual method for the estimation of vanadium is a 
volumetric process. The vanadium is first obtained in acid solution 
as vanadate, and reduced to the tetravalent state by one of several 
reducing agents which are availalde. The solution is then titrated in the 
presence of sulphuric acid with hot potassium permanganate solution, 
wliicli quantitatively oxidises the lower vanadium salt to the vanadate. 
Using sulphur dioxide to effect the reduction, the following reactions 
take place : — 

(i) 2 lIV 03 +S 0 o-|-HoS 0 ^- 2 V 0 S 0 ,-:- 2 ll 20 . 

(ii) 10VOSO4+2KMnO4+12lUO==l()ITVO3-LK2SO4 + 2MnSO4 

^4* 

Excess of sulphur dioxide is removed before the titration by boiling 
the reduced solution in an atmos])herc of carbon dioxide.- Hydrogen 
sulphide can be used in place of sulphur dioxide and gives slightly 
higher results ; excess is removed in the same manner by boiling, and 
the preci]:>itated sulphur is removed before titrating.'^ Hydrogen ])cr- 
oxide, when added in small proportions to a concentrated sulphuric 
acid solution of a ]:)cntavalerit vanadium salt, also brings about reduction 
to the tetravalent state ; excess of the hydrogen ])croxide is decom- 
posed catalytieally by the vanadyl sul])hate formed.'^ Other reducing 
agents which have been employed arc bismutli amalgam,^ mercury,^’ 
sodium thiosulphate, ' concentrated liydroehloric acid,^ and electrolytic 
methods.^ The use of hydrochloric acid has not always given good 
results in the hands of different chemists, since rediiction has a tendency 
to proceed low'cr than the tetravalent stage ; the use of alcohol and 
hydrochloric acid has been recommended.^^ 

The estimation of a vanadate solution by direct titration with ferrous 
sulphate or ferrous ammonium sulphate solution has been worked out, 
and is found to be specially applicable to tlie analysis of vanadium 
alloys. The vanadate is again reduced to the tetravalent state by the 
ferrous salt, the end point being obtained by tlie use of ])otassium 
ferricyanide as internal indicator; alternatively, a known excess of 
the ferrous salt solution is added to the vanadate, the amount unused 

^ The bibliography on the csliinalion of vanadium up to llio year 1001 is given by 
Brcarlcy, Cheni,. Ac/rs, lOOl, 83 , Kill. 

“ (lerland, ./Lr., 1877, 10 , 1.51:3, 1516; Hoi vcrschoit, ( fieri iii, 1890); Killo- 
brand, J. A/nicr. Chejti. Soc., 1808, 20 , 461 ; Cain, J. hid. Kurj. Chc/ii., 1911, 3 , 476. 

^ Koenig, Sta/d und Ehaii, 1914, 34 , 405 ; Lnndell and ivnowles, J. Anicr. Chem. Hoc.. 
1921, 43 , 1560. 

Cain and Hustetter, ibid., 1912, 34 , 274; .tlotliersa]!, J. Soc. Chem. hid.. 1924, 
43 , 270. 

Sonieya, Zcil^ch. (uwrg. Cheia., 1926, 152 , 368. 

^ McCay and Anderson, d . A nier. Chem. Soc., 1922, 44 , 1018. 

' Obcrliclinan, A tmr. J. Sci., 1915, [ivj, 39 , .5110. 

« Gooch and Stookev, ibid., 1902, [iv], 14 , :169 ; Canipagne, Jie.r.. 1 9011, 36 , 11164; 
Cain, ./. hid. Eng. Chem., 1911, 3 , 476. 

'* BIcockar, .Hel. Chem. Eng., 1911, 9 , 211 ; Onocli and Avi.er. J. Sci., 1918, 

[iv], 46 , 427. 

Corajjare Pa^scnihchm, Annalen, 1889, 251 , 197; Hn] vcrsclieit, loc. cit. ; Aucliy, 
J. hid. Eng. Clicrn., 1909, i, 455 ; Wilms and Pisclibach, Stahl iimd Ei.-ien, 1914, 34 , 417 ; 
Hartniann, ZcdUcdi. ajial. Che'tn., 1925, 66 , 16. 

Muller and Diefenthaler, Zeiheh. anorg. Chem., 1911, 71 , 243 ; Wegelin, Zeitsch. 
anal. Chem., 1914, 53 , 81. 
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being titrated witli potassium dichroiiiated Tliis method laeiiitates 
tlie rapid estimation ol vanadium in Une j^rcsenee of ciiromiuiu. KnopN 
indicator (cliphenylaminc in sulpimric acid) lias recently been success- 
fully em])loyed.^ 

Vanadium lends itsell also to iodonu’frlc iiietJwcls of determination. 
The \'anadatc solution is redmted with hydrobroinic acid, (excess of 
potassium, iodide is added, and the iodine Unereupon liberated is esti- 
mated with sodium thiosulphate solution. The reaction is ; 

2HV03--2HHr--:-.inCl-2V0(dod-Br,-;-4iL0. 

This mctliod is also a.vailablc for tl\c estimation ot vanadium and 
chromium together in solution.^ Tlic use of Iiydriodic acid as tlie reduc- 
ing agent gives rise to inconsistent results, as reduction docs not stop 
at the tctravalcnt stage, but may ])rocecd also to the tri valent stage, 
according to tlie experimental conditions.'' The care nec'cssary in the 
a]:)plication of iodomctric methods renders it unlikely that they will 
come into general use.*' 

Treadwell has recently shown tliat vanadium in acid solution is 
reduced quantitatively to the divalent state by elect roly tically de- 
posited cadmium, zinc a.malgam, or lead ajualgain, ii* air is carcCully 
excluded ; the reduced solution is run into excess oJ‘ potassium per- 
manganate and titrated with oxalic acid, or it inay l)e oxidised to tlie 
tctravalcnt state by tlie addition ot excess of co])pcr sulpliate solution 
and then titrated with ]:)otassium dicliromatc, using diphcnylamine as 
indicator. A modilication ot tins })roccdure consists in running tlie 
acidified vanadate solution througli a Jones reduclor which contains 
amalgamated zinc into an excess oi‘ (‘erric alum solution ; tlui quantity 
ot ferric salt thereby reduced is determined by back titration witli 
|)otassium ]:)crmanganate.^ 

Otlier volumetric ])rocesscs which liavc I)ecn worked out include 
the use of potassium tcrrocyanide,'* ])otassium ierri(.*.yanide. titanous 
chlorided^ and stannous chlorided- According to H.osenhcini and Vhmg,^'^ 
vanadium ])cntoxide is bc'st determined in solution by addition ot 
excess of caustic soda and back titration witii sul|)huric acid at (h, 
using a-naplithoplithalcin as indicator. 

The application of any of the foregoing ])rocesses involves tlie previous 


1 Williaiiiis, J. ^ 00 . Ch(<m. Jncl., 1002, 2 i, 380 ; CJafk, Met. Choa. J'Jiig., 1013, ii, 10,3 : 
Etheridge, Analg^H, 1923, 48 , 588. 

- Sotiieya, ZeUr''cJi. (i.norg. (Jlirm., 1024, 139 , 237 ; Russell, J. Soc. (Jhv.iti. J ad , 1 920, 
45, '“>!• 

^ (loocli and Curtis, A')ii(’.r. J. Sci., lOO-i, [iv'], 17? -H. 

Edgar, iJ)id,., 1908, [ivj, 26 , 333. 

^ Ditto, Co'/Jbpt. rr//uL, 1880, 102, .1310 ; Uooeh ;ind Curtis, lor. ciL ; iidgai-, ,/. Anitr. 
Clituh. Soc., 1910, 38, 2309 ; W’golin, Zc.H-'ich. aval. (Ihchi., lOl-i, 53, 80 ; Dit/. and Ihirtlacdi., 
Zeitscli. a/norrj. G/ievi:, 19j5, 93, 97 ; Stoppcl, Siderier, ;iiid Brinton, J. ^■laar. Chcni. Soc., 
1924, 46, 2448 ; Heezko, Zdl-^ch. anal. Chcni.., li.)20, 68, 3 01. 

Conpnro Heezko, loc. oil. : Ramsev, d. A vitr. Ch.cnh. Soc., 1927, 49 , J 138. 

' Treadwell, Jldo. Chim. Ada, 102 li 4 , 5()3 ; 1922, 5 , 739. 

® Nakaezono, J. Clic.ru. Soc. .fapa.n-, 1021, 42, 701 ; sue also Soraeya, Zcilcch. anorg. 
Chech., 1.927, 163, 20G. 

^ Midler and 1 )jet'entluUia“, Ztilrch. aoiaL Cf/r/H:, 1012, SI, 21. 
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separation of other elements wliieli may interfere. For details of these 
the reader is referred to standard works on analysis.^ 

Electrometric Methods have been applied for the estimation of 
vanadium alone and alloyed with other metals, e.g. iron, cliromium, 
uranium. The reduced solution is either gradually oxidised by means 
of a suitable oxidising agent (potassium permanganate, ammonium 
persulphate, nitric acid), or the vanadate solution is gradually reduced 
with ferrous sulphate solution ; the changes in the E.M.F. of a suitable 
cell indicate the end point. ^ 

Colorimetric Methods are used only for the estimation of very small 
percentages of vanadium, e.g. in vanadium steels and alloys. The 
most important depend on the intensity of the reddish-brown colour 
produced by the action of hydrogen peroxide on an acid vanadate 
solution.'^ If chromium is present, an equal amount must be intro- 
duced into the standard vanadium solution under the same conditions 
of temperature, acid concentration, etc. Phosphoric acid is added to 
destroy any ^mllow colour due to ferric iron, and either hydrofluoric 
acid or ammonium fluoride to destroy any colour produced by titanium.^ 
A colorimetric method for the simultaneous estimation of small quantities 
of titanium and vanadium has also been worked out.^ Otlier colori- 
metric processes are based on {a) the formation of a yellow' to black 
coloration, due to aniline black, in the presence of aniline Inxlrochloride 
and potassium chlorate or other oxidising agent, ^ and [h) the orange 
coloration finally produced wdren an acid solution of a vanadate is 
brought into contact with strychnine sulphate.'^ 

Electrolytic Method . — Truchot ® has developed an electrolytic process 
for the estimation of small quantities of vanadium in solution as 
vanadate ; the solution is rendered faintly alkaline w'ith ammonium 
hydroxide, and on passing the electric current a low'cr oxide is de])ositcd, 
w'hich is collected, converted to the pentoxide by heating in air, and 
W'cighed. 

ylrc Spectrum. — Vanadium has been estimated in ores with fair 
accuracy by comparative measurement of the intensity of the lines in 
the arc spectrum.'^ 

Gravimetric Methods.- -Tlie vanadium compound is converted 

into sodium vanadate by fusion or other method, and after separa- 
tion from other salts {e.g. arsenate, molybdate, phosphate, chromate, 
tungstate) is precipitated from nearly neutral solution eitlicr as {a) 
mercurous vanadate or {h) basic lead vanadate. In (r/.), mercurous 

^ S(^c also, for a particularly good account, Anahjhcdl MclhorU for CarUt'ui McldU, 
Bull(‘tin 212, 1923, Biir(;au of Mines, VVasliingtnn. 

- J\('lloy and Clonant, J. Avier. Cham.. Soc., ]9Jf), 38, .‘III ; Kc'Itiy, Wilny, llolin, and 
W'riglit, J. Jnd. Eng. Cham.., 1921, 13, 939 ; Lustavson and Kniidson, ./. Aiiur. Uhem. 
Xoo., 1922, 44, 27.a() ; Muller and Just, Zc.itsrJi. arnrrj. Chv'dh , 1922, 125, ir),j ; Muller and 
Flatli, ZeiUch. Ehhtroch( m... 1923, 29, aOO ; Wdllard and Id-nwicdc, ./. A-dicr. Cham. Aoc.^ 
1923, 45, S4 ; Koltliolt and Tomiock, Rcc. Trai:. cJiim., 1924, 43, 44 7. 

^ M'cyer and Pawletta, Zcdl.^ch. anal. Cham., 1921), 69, Id. 

Slavik, Chc'ci. Zdt., 1919, 34, 648; Tickard, (Jkam.. Woild, 1914, 2, 341 ; Tenner, 
Cham. ZeAt., 1918, 42, 403; McCabe, Cham. AT?/:.s-, I9T!, 104, 194 ; J. ! nd. Eng. (Jham., 
1013,5, 736; (Jeorges, Ball, da Balg., 1922,31, 123; Kropf, Zailsrh. dNg<‘ir. T7eoa.., 1 922, 
35. 366 ; M(\y('r and Pawletta, ZaiLmh. andl. Cham.. j92(>, 69, Id. 

^ Melloi', Trans. Eng. Caram. Soa., 1913, b], 12, 33. 

Wdtz and O.sinoiid, />?///. Soc. chi‘m,.. 1S8(), pi!, 45, 309 ; AFcAdain. J. A'mcr. Cham. 
Toe., 1910, 32,. 1611. 
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nitrate solution is added to the vanadate solution drop by drop until 
no furtlicr precipitation takes place ; tlie mercurous vanadate so 
obtained is heated under a hood, whereupon the mercury is volatilised ; 
the residue of pure vanadium pentoxide is weighed ; hydrochloric acid 
should not be present.^ The results have a tendency to be high.'" In 
{b), lead acetate solution is added to a solution of the vanadate rendered 
faintly acid with acetic acid, whereupon all the vanadium is preci]:>itated 
as a basic lead vanadate of variable composition. The precipitate is 
dissolved in nitric acid, the lead removed by boiling witli sulphuric 
acid, and the filtrate, which contains vanadic acid, is tlien either 
evaporated to dr\mess and the residue weighed as V2O5, or the vanadic 
acid in it is estimated by a volumetric process.^ For the'^application 
of either of these methods, the removal of arsenic is effected by reducing 
the acidified solution of vanadate and arsenate with sulphur dioxide ; 
tlie arsenic is tlien precipitated as sulphide with hydrogen sulpliide, 
and t])c vanadium which remains in solution as the vanadyl salt is 
reoxidised to the vanadate for estimation. Molybdenum is separated 
by a similar process, except that the liydrogcn sulphide is used under 
])rcssure.^ For tlie estimation of vanadium in the presence of a 
phospliate, mercury vanadate and phosphate are precipitated together, 
ignited, and the residue of vanadium pentoxide, after being weighed, 
converted into sodium vanadate and pliosphatc by fusion with sodium 
caihonatc. The vanadate is converted into the vanadyl salt by re- 
duction with sulplmr dioxide and the phospHatc determined by means 
of ammonium molybdate. Deduction of the equivalent quantity of 
])]iospliorus pentoxide from the weight of mixed oxides gives the 
\'anadium content. 

A general method for the separation of vanadium from a,rsenie, 
molybdenum, phospliorus, clrromium, uranium, tungsten, and silicon, 
consists in precipitating these metals as their respective lead salts and 
digesting the ])rccipitatc with potassium carbonate, wlicreupon all the 
lead salts are decomposed with the exception of the lead vanadate.'' 

The gravimetric estimation of vanadium in alkaline vanadate 
solutions has also been effected by precipitating as ammonium jneta- 
vanadate in the presence of ammonium chloride.^' Prcci])itation is 
inc()m])letc, however, unless the solution is quite saturated with 
ammonium chloride ; " the addition of alcohol is recommended.^’ 
Other gravimetric processes which have been investigated include the 
preci]:)itation of barium pyro vanadate,^ precipitation of silver meta- 
vanadate,^^ ]:)rcci}htation of manganese ])yrovanadatc,^^ and the use of 
eupferron.^- 

’ Aiu'rbncli and f.aTigc', Zc.ihcJi. anrjcy-. CIicvi., 25, 2522. 

- Blt'cckor, Met. Ch.mi. I'jng., UHl, 9, 21,d. 

lioscoc, Av.naLan^ Su])'pb, 1872, 8, 102; (^orniinibcicuf, Atiii. Chint. arial., I!)(i2, 
7, 278. 

' SlopjX't Suli'ncr, and Brinton, Chew,. Nr-v'.'i, 1925, 130, SdS. 

I'ischcM', DAserldtion (Rostock, LS04). 

'■ A'on Tlaiior, J. 'praht. (Uicin., 187(), 69, .‘kS8 ; DiUo, Co/n-pt. rr.nd., 1887, 104, 982; 
RoR(nhcim, ZeiUch. anorg. ('Iu-di... ] 902, 32, 181. 

(ioocli and (dlix-i’t, A'nU'r. J. ScL, 1902, [ iv J, 14, 205. 

Bcai'd, A/U!. (diini: (utaL, 1.905, 10, 41. Carnot, Comgd.. rend., 1887, 104. 1803. 

Ik'ow'mnsj; and Ralinor, A?m:r. J. jSr/L, 1910, [iv], 30, 220. 

" ('aT-not, bovnpL rend., 1SS7, 104, 1844. 

'rnriun-, Ainer. J. Sci., 191(5, 42, 109; Rolla and Nviti, J. Chen: idoc., Ab^., 192 J, 
20, [ii], 597 ; Clarke, Analij6tpl^21 , 52, 466. 
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The analysis of vanadium steels is elTeeted by the application of 
one of the Coregoiiio- methods. Blank determinations on a steel free 
from vanadium but otherwise of the same aj^proximate composition are 
used as a control. Iron and molybdenum are removed from liydro- 
ehlorie acid solution by Rothe's ether sc])aration method ; ^ chromium, 
nickel, eop])cr, etc., are then precipitated as liydroxides by caustic 
soda, the filtrate containing the vanadium as vanadate.- The method 
is modified for the simifltaneous estimation of both vanadiuin and 
chromium in a vanadium-chromium stccl.^^ 

^ Rothe, Zcitsch. anal. Chem., 1901, 40, 809 ; Dciss and Lcysalit, CJm/i. Zeit., 1911, 
35, 869, 878. 

“ Blair, J. Amer. Chem. Sac., 1908, 30, 1229 ; coinpain Dougherty, J. Ind. PJny. (Jhr/ut., 
1915, 7j 419 ; Donioresl, tdiel., 1912, 4, 249. 

^ Cainpagne, 6'oc. cldni., 190-1, 31, 962 ; .hdgai“, Aonc.r. J . Sci., 1908, [iv], 26, 

333 ; Rainier, ibid., 1910, [iv], 30, 141 ; Cain, J. Ind. Idwj. Chem., 1911, 3, 476. 
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NIOBIUM 1 AND TANTALUM. 

Their Occujiren'Ce, Klstory, Extraction, Estimation, 

AND Detection. 

Occurrence. — Niobium is almost always associated with tantalum in 
its natural ores, so tliat it will be conv'cnicut to consider tlie occurrence 
of both these elements toy'etbicr. There arc very tew niobium-bearinir 
minerals wliich arc 1‘rec j'rom tantalum and ~cice versa. 

Niobium and tantalum do not occur naturally in the free state to 
any extent ; native tantalum containing small amounts of nickel has, 
however, been found in the gold washings from the Ural and Altai 
Mountains.^ The meiais arc found maiuly as negative radicals in 
minerals in which the oxides of iron, manganese, calcium, and various 
rare earth metals, for exami)le yttrium, thorium, lanthanum, cerium 
and uranium, jbrm the bases. Titanium, zirconium and tin, as well as 
other rare earth metals, are also frcepiently jn’csent. The minerals are 
numerous, and are \T;ry generally distributed in small quantities over 
the earth niobium in apparently greater quantity than tantalum. 
The largest deposits luive bcTn found in North America, Greenland, 
Finland, Sweden, the Ural ?>lountains, Bavaria, and Australia. 

The most important ores are described below, and tables showing 
tyj)ical analyses jirc apjiended.-^ 

Nlohites {or Col/iunMles) and T antaliles -Theset are mainly ferrous 
salts of metauiobie acid and metatantalic acid in which the iron is more 
or Ic'ss repiac/ed by manganese. They can be generally forjnulated 
ih'(.Mn)(Nb(). 5 )o and Fe(Mn )(TaO;,)o, i.c. the salts present are niobe/o? 
and taiitah//r'.v (see pp. 1 GO and 200)^. If the niolhum is in excess they 
are e.alled niobites (or eolumbites), and if the tantalum is in excess they 
are called tantalites. There is no delinite line o(“ demarcation between the 
two classes. Topiollir c'ontains only iron, salts. Tin and tungsten are 
also J’rcTpiently 'present in small aLiuounts, and some samples of niobites 
have reeently been I’ound to coidmin the two liigher homologues of num- 

' \i!)l)iuni is n.lsD known a.s n'lu. llu' lattcT name lias always boon pr(-l(‘rr('(l 

ni A nic I'loa , and is rcLa iiU’d, no doii bt , out. ol jia.triotisin. J n rnigland. 1 ho na ino ool u tn bin in 
was cm ployc'd 1)_\ llio (dioniioal SoouTy I’roni 1 9U-1 to I‘J2l> iiiidusivc ; in hJg-l- IIk; narno 
niolnum was roadoptial. On lIk^ (’ontan.-ni tho cdcinont has boon inure oonsiMtontly 
rdViTod to by IIk' \-ai'ions l.ranslaiions of niobium. 

“ Dana, Tc.rl I'Uh)!:. < )[ M t liiriiloii >1, .“hal cd. (X(.-w \ ork, ls50), p. ooU ; h althm', Vsdl.n.rp, 
H)()!), Si, SSn ; von doiin, iO'lO, 83 , S98 

Soliillinii, Zcilsrlt. mv/ro'. OV/o///,., iDUb, 18 , 8 S.‘k hll analyses of iiiinm'als eontaininy 
tantalum pi'('\'ioiisl\' publishml an- lu-re c;olli‘(-l(‘'l by Sobilling. .1 be densitars, j)t.n'e(-ni<i.yos 
ol’ niobium and lanialiim [uwsoni, flio loea,.liLies in wdiicli the minerals occur, and ihc 
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j Se)i,u:cu . 

Norway. 

Massacliiiscits. 

(Jreeiiland. i 

South .Dakota. 

1 Density 

5-82 

(i*io 

7-395 

O'20i 

Authoiuty 

]^rugger. ^ 

]llomstrand.“ 

Blomstrand.“ 

Be addon. ^ 


lAr cent. 

Per cent. 

Per cent. 

Per cent. 

NbPo 

72-37 

51-53 

77-07 

68-00 

TaoO., 

5-26 

28-55 


9-88 

W0.5 

SnO„ 

0'G7 

0-76 

0-34 

0-13 
0-73 ; 

0-88 

EcO 

15-04 

13-54 

17-33 1 

5-45 

MnO 

5-97 

4-, 5 5 

3-28 * 

14-79 

ZrO„ 


0-34 

0-13 ; 

Ti02 0-53 

iIo<) 


0-42 

0-23 ' 


(aO 

0-58 


PbO:— 0-12 ’ 


Il„() 


0-16 



I'oUds 

!)9-89'i 

100-10 ■* 

09-9-2'i , 

1 

00-53 


^•aii(‘S(‘. nufsu.rluni and rheiilu})}.? Xio])itcs and tanlalitcs are usually 
round in i^iu‘()us rocks, and are not unconiinon as eonstiliuaits of 
cassitcrilc-lxairino' yegniatiic veins. Their ehier localities are the JMaek 
Hills of Soutli Dakota, IJ.S.A., Grecnbushes and Wod^'ina in Western 
Australia., and on the Finniss River near Port Darwin in Northern 
Australia, froin all of which, re^-ions tantalitcs For industrial use liave 
I >(‘(‘11 ohUiined, althou^'li, in consequence of the r(‘strietcd demand, the 
total out. put lias been small and irrei>'ular. Sin,i»'le mass(\s of niobitc 
wAnhiiio' up t.o ‘JOOO lb. have been disctovered in the granite; veins iji 
th(‘ DhuU Ihlls oF Soutli Dakota, while at Wod^i^ina the tantalite oeeui's 
in crystalline' masses wei^hin^ uj) to about .150 lb. Jt is collec.ted From 
l.h(* surhicc soil oF t.lu' iU'i,i>-hbourini*’ alluvial deposits or liy (piarryin^' 
tb(' pe'^-malit ('. Most nalix'c* niobites and tantalitc'S oher eonsldc'rable 
n'sistancc to ch(‘mi('al (‘han^c, and as they are both hard and touch, 
tlK'V occur Fr('([ucntly in dctrital dc'posits. Tlu'sci are', heiwewa'i', usually 
o\ ('i-look('d unle'ss t.iicy happen to be workcel lor colei or lin.^' 

Ot ln'i* pha'e'S wlieae' ore'S a.re^ kneiwn to oe'e*ur are' Gre'e-nland, Ikivaria., 
h'inland, Minsk in the' Ural Mountains, Uhani e'loube ne'ar Limoce's 
in Ih-ance', ('ali Feirnia, anel C'eilorado. Feir rcee'iit observations oF tlu'ir 
oce'ui-re'uce' in the' British Umpire see the rcFcrcnces cited. 

‘ I’ruiiU'T, ./. (■hem. 8 oc., I1M)7, li, 92 , 88 ."). 

1 ’>!( ) iiist rn nd, ./. praL'i. ('hcni,., iSOn, 99 , 1-4. 

li< a(l(tTi, . I /y/< sV/ , 102 lM\ {, 3 , 2!)r); sea also ./. C'Ar///.. >S'or., .-1 /as, H)( ifl, [ ii ], 90 , .87. 
^ d'h(“ ()1 Utaniuin from tiK'.'.c' ores is remarkable. 

X.xldaek and d'aeke, Orslr,,. Cfivni. ZciL, 11)2"), 28 , 127; Xoddaek ami Xoddaek, 
t(srh. p/n/^il-al. i'livnh., 11)27, 125 , 20 f. Simpson, ('hvui. Xnr.p 99 , 11). 

' niiodesia : /('alley, Nature, 1918 , lOl, 174 . South Africa: l-loyei-s, 7 ’m 7 /,v. /do/. 
SiX-. S. Afriert, 191 (k 18 , .7 : lieu iiiny, Krpst. Mit/., 1928 , 5 ^^ 17 . 7 . India : dipper, 

/Ar. dvoi. S/n-rr// India, 1919 , 50 , 277 . Canada.: Kllswortdi, Oath. Dept. M lues, Annvnha.nj 
lu port, 1928 , (', I, (). Australia: Simpson, loc. cit. 
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ANALYSES OF TANTALITES. 


ScjL'JlCE 

Auslralia.. 

America. 

Sweden. 

SoutJi Dakota. 

Dexsity 

7-03 



G-OS 

7-190 1 

Authority 

Simpson.^ 

Weiss and 
Landeeker.- 

AWiss and 
Land(Y;ker.“ 

Rammelsl)erg 

Headden.^ 


Per cent. 

Per eent. 

Per cent. 

P'er eent. 

J^er cent. 

Tap, 

68-65 

65-67 

49*57 

42*15 

77-23 

Nb ,03 

15-11 

9-15 

20*12 

40*21 

5*18 

TiO.2 

0-40 

6-20 

6*53 


1-38 

SnO, 

0-48 

0-17 

0*37 

0-18 

0*32 

MnO 

14-15 

4-78 

19*86 

1*07 

0*42 

FcO 

1-63 

12-32 

3*11 

16-00 

14*84 

MoO 

0-15 


ALOy 1*65 

. . 


CaO 

' trace 

1-32 

1*47 

trace 


Totals 

100-57 

90-61 

102*68 

99*615 

99-37 


The natural iiiobites and tantalites are usually black, and rorm iso- 
morplious, ])risniatic crystals, bclonyiny to the rlionibic system. They 
arc easily [Visible and very brittle, presenting an uneven fracture. 
Their density increases froni 5*2 to S-2 with increase in tantalum content.*’ 
Wlien heated to redness in vacuo tliey evolve small (juantitics of gas, 
whielv consists of carbon dioxide, nitrogen and oxygen.'^ wSmall 
quantities of helium have also been found occluded in them. 

Pyrochlorc . — Tliis is a crude calcium niobate wliich may also contain 
appreciable quantities of titanium, tlioriuiu and cerium, together with 
smaller (|ua,ntities of iron, magnesimn, the alkali metals, and lluorine. 
It does not contain chlorine, and it is of interest in that some s])ecimens 
are remarkably free trom tantalum. It occurs in AUrway and near 
Vliask in the Ural Mountains. The ore is browji, Ibrms regular octa- 

‘ SiiupsDii, (jh.vni: Xttr,s, Li)()9, 99, 77. This ore oocurs at Whxlgina. in tlu^ Iglbara 
( ill tlie nurtli of W'cslcro Aiisti-alti, and is shipi)C‘d to 1 mii(>J )0 in tlie (luaiiLit ies 

nainiii'd for tlu* (^xlraet ion of its tantalum. 

“ Wadss and .Landc;eker, ZtiL^ch. wnorg. Che.'in,., 1909, 64, (ib ; Chthi. ATa-a, 1910, 
lOi, 2S. 

R;im melslxMg, Zogg. Annalcn, 1871, 144, 0“) ; Clu-hi.. Xcw^, 1S7J, 23, GO, 71, 280; 
1871 , 24, 275. 

H(!ad(l(;n, J. >Sa/., 1922, [v], 3, 290; sac also Shibata and Kiinura, ,/. CZ/oh.. 

Soc. Japuti, 1921, 42, 957 ; J. CZitm. tZoc.., Aba., 1922, 122, ii, 220. 

^ The absejice of titauiinn from tins ore is remarkable. 

AIiigg(;, (Jtfiir. Min., 192d,'ll7; Walker and i’arsons, Unir. l\)}()nlo G'roL 

Af.r., 1923, No. IG ; Zeii-sch. Knjsf. J/nn, 1925, 61, 353; li^aidden, A-nur,-. 1922, 

['■Vj 3-> 993; W'eiss and Landeeker, ZciCch art-org. Ch-t'm.., 1909, 64, Go; (J'litrii. Aow/'s, 
1910, loi, 28 ; IWotc and J.angley, Auntr. J. ScL, 1910, [iv.l, 30, 393: Weirdand and 
Kctz, ZeitncJi: anorg. CZituh., 1907, 54, 230; llrdggm-, lor. cit. ; Hall ;ind Smith, l^roc. Hv/zer. 
JAiil. Soc., 1905, 44, 177 ; Clir.nb. Xrwn. 1905, 92, 220 ; Hall, J. A'tnr.r. CZernh. Aoc., 1904, 
26, 1235; dAchernik, J. JiiHiS. ZAiijn. Chc,m. Aoc., 1902, 34, G84 ; •/. Gluon. Aoc., A66'., 1903, 
ii, 84, 157 ; Dana, A Sij-slcvh oj Mvntralogy (Chapman and Hall, London), 1S99, Gth od., 
pp. 731 tt scq. 

’’ Chabrie and Levallois, Compt. rtnd., 1906, 143, GSO. 
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licdra, is brittle, and jn'cseiits a concjioidai fracture. Its density varies 
iVo]n I* 2 to 

Ni(}bal(\s (Uid TanUddic.s of the Rare Earth Metals.- -Tliese are of 
ini])ortiu\ce iV)r tlic^ir rare cartii content ratlicr than for tlieir niobium 
and tantalum. Exanudes arc : 

Yitrotanialite, Avliidi is found at A^ttcrby and other parts of Sweden, 
and in Xiorway. It is riclier in tantalum tiian in niobium, and contains 
considerable ])ro]V)rtions of yttrium, cdoiiun, cerium, and uranium, to- 
o'ctlier with calcium, iron, etc.- Tunystates and stannates are also ])resent. 

Fergu.soaite.- -This <.)rc is also found at Ytterby (Sweden), and in 
Norway, Greenland, Texas, South Africa and Ceylon. Its com- 
position is conp^araldci to that of yttrotantalite, except that the niobium 
content is usually greater than that of the tantalum, and lanthanum is 
also ibund in the basic ])ortion. According to Rammelsberg,'^ fergusonite 
1 ‘roin Greenland cojisists of isomorjolious mixtures of yttrium meta- 
niobatc, hEO^.NfjoO-, and yttrium metatan talate, ¥203.1^005. It 
forms ])rowMi or black tetiaigonal crystals, the density of wliich varies 
Iron) bd to 5 - 8 .'^ It is radioactive, and glows suddenly with evolution 
oJ' helium wlien lieated from 500° to 600° C. 

S (U)} (Iraki te occurs in the Ural IMountains, Mitchell County (North 
Carolina, ll.S.yV.), Canada<, and Ijidia. The tantalum contejit is often 
small, sometimes ?;//, and tlie rare earth oxides, cliielly yttria and ceria, 
ar(‘ usually prevse^nt in c.onsidera'hlc num])er and ])roportions. The ore 
is radioacti\’e and conlains liclium. It forms blac.k, orthorliombic 
(*ryslals. The density \'aric‘S from •l •2 to 0*2.’" It has been suggested 
that the* niobium and lania.lum are disintegration ])roduc,ts of (tompounds 
of yliriinn and cerium with th.e two higher liomologues of manganese.^’ 
aiaauri aai. and rhealani. 

Idiivenife. (r.srI/jjHit('d and gol/jeraae are found in Norway, and dil’l'er 
in (‘omposi 1 ion from samarskiU^ in that Ih.cy usually contain considerable 
(piaiiliiies of [ilanium. dhudaium is not always prcscid'.''* 

IV (ihlerifc is a. niobaf(‘ of calcium, iron, mangauK^sc', sodium, etc., 
associa I c‘(l ^\■ilh considca’ahk^ ([uantities of /.irconia and silica. It is 
I'ound in Xorwiiy.-' Other silicates which contain niobium or tantalum 
are alr'Veeerife and ihne/iorat 

Tin and lungsten mima-ais I'rcajucntly contain small ])roj)ortions of 

‘ n.i nuiiclstcf e, I’o'JU- A n mtl' li . IsTl, 144 . lUI ; I S7.‘>, 150 , I!)S; \\'ci(lin;inn. Jfihrh. 
Mniir., i'jnn, jiL 22 e , t, Kr/ja Mm., lam, 39 , (ig-! ; J . 

('/>!///■. -Sor' , laon gO, 712. 

“ 1 Cl m iiiclsl)-'r:' , loc. cil. : ('futn.. 1 S72, 26 , 2()a ; V.s{;}ici‘i]il>:, ,/. ( -Ik /)}.. Sor.. Ahs. ^ 

ii, 104 , n7a. 1 Ui rii tiU'lshcrv, /E/f/- Aimahn. iS7.‘t 150 , Ji)S. 

^ Schillinu, tl.'Cli. a ntjr :i\ (’/n. >/,■.. inii'), 18, SS:> ; L;kT(i1X, ZiiLsi'h. K///.A. Mm., mil, 

49,l)ni; (\IUrr!i, ./. O''o/.. IIUI, I 9 , Sii. 

■' l)an:i,/of ''.a., {). 7.’)S ; ’!'sclicr'/Mi\, /.(//.■■<(/■:. Krij.'-l. .Mm., 11)0 ! , 39 , (>27 ; Sinitii, ('Itri/i,. 
Acir.s. iSS;>, 48 , 18, 2i> : Lacioix, ('uni.jM. n tiM,. ■()!!, 152 , SSa. 

'' \()n (Icicle, 1 Mid) iii'r.c’il t-'uMii /.rnli(Mlii(llc^ laia, 57 , S 8 . 

" 'I'sclici rilk, M. ('hi tit,. Soc.. I!;(;S, II, 94 , .‘laa. 

^ Miller ;niil Knieht. .\ nn. t . M. Sm.. IDw. [i'. t 44 , 218; Honnaiiii, IM r.. 1810, 43 , 
2()82 , ilausei and Win li, d/a/., 1808 , 42 , 1 148; 18!n,43, I Sn7 ; Ua line, Zw/arA. 

Itdllc, 181(1,82; M. ('hi III- Six'., 1811. 11,100,488; Laei'oix, AnlL Sor. Jt<m<'. Mui., 

1810, 33 , 8 lM ; 1818, 35 , 288 ; Bin itrp-r, lor. rit ; Dana, lor. nt . p 74 2. 

'I'.soliern 1 1\, J. (Mom.. Sor.. .\hs.^ I 8 U 8 , ii, 96 , 1()2S, D.ina, lor. nf.. p. 87(5. 

Ilessainl W'dls, . ’//e eV/., i 8 i 1 , j i\’ j, 31 , 4,‘i2 , ('tax, k and .Inli nstutua .M in . Md'.j., 

1812, 16 , 224 ; Zanitoriim and Urieia ihid.. 18()S, 15 , 7S ; M ('In m. Sor.. .\h.'<.. 18(')S, ii, 
94 , 88 S ; 1 807 , ii, 92 , .‘Id !. 

Zatnkeidin and mtoi', lor. rit. ; Jdhrh Alinrr., 18(.)9, [if, 178; it'oggen', loc. cil. 
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niobium and tantalum, ^vhicli are also occasionally associated naturally 
witli cryolite and pitcliblende. 


ANALYSES OF PYROCHLORE, YTTROTANTALITE, 
FERGUSONITE, AND SAMARSKITE. 



l^VTorlilore. 

IVrooliloL'c- 

34trotantalitc. 

Pci-giisonite. 

Saniarskite. 

8 ui.:rcJ': 

Scsandinavia. i 

Scandinavia. 

X ( )rway. 

Xorwav. 

Madagascar. 

!).rxsitv . 

4-23 

4-933 

3-92 

4 97 

4-20 

Atthoiutv 

Puaiuinclsborg.^ 

'rsclirmik.- 

Broggor.-’ 

Brogger.'^ 

Lacroix."' 


1\'T- ('.('lit. 

Per cent,. 

Per cent. 

Per cent. 

Per cent.. 

Nb„ 0 , 


:30*7() 

20*38 

39*30 

43*00 

Tag) 5 


:33-o;3 

39*53 

0*25 

11*15 

WO, 



0*06 



SiO., 


. . 

0*90 

1*1-1 

! 

TiOo 

i:b52 

0-1 1 

1*07 


1*42 

SnO., 



1*20 

0*98 


/rO. 


Lcr) 

0*57 

trace 


ThO., 

. . 

trace 

0*07 

2*51 

1*05 

UO. 



, 3*85 

■1*08 

i 8*70 

C'cA), 

7 -30 

5- 00 

0* 12 

0*72 


])i ‘A.O.> 





I ^ -1*05 

TaiA), 



■ lYl 

J ^ 

j 

Y.>()./ 


0- 10 

; 12*18 

\ 35*03 

9*50 

Er.,(), 



3*58 

/ 

■J 

A !.“().> 


. - 



1 0*80 

Fc() 

l()-03 


7*18 

0*78 

5*40 

AInO 



1 *85 

0*15 


NyO 

1 0A9 

1 race 

0*15 

0*05 


BcO 



0*35 

0*10 


CaO 

154)}. 

10-G2 

1 *28 

1*23 

2*43 

Na.X) 


2*:35 

0*57 



1L,0 


1 '37 

0*51 

•1*00 

11*14 


24)0 

2'j7 




Toia.ls 

100 - 1:3 

100*30 

1 09*87 

99*77 

09*24 


' 1 Uin n 1 u' !s 1 )CM-, u, /'of/, IST 1 , 144 , l‘.U ; 187:),I50, 1 ; 67/f-m.A( ;r.s 1872,26, 2C5. 
“ nschcriiik, J. /'A,'/.-'. C,}n-)i}.. Soc.. 36, 712; J. Sdc., Abs., 19(J4, 

ii, 86, 920 ; src mIso 9’.schci'nik, ibid.. 1909, 11, 96. 411. 

ilrouiror, ibid., 1907, ii, 92, 881 ; also llanuiiolslK'iy, /or. cil. 

It'oLfiior, /or. clL; sr(i also lla.iooic'lsbrrg, /or. at. : 'i’schca'iii k', ZtU-sc.li. Kri/.st. Min., 
]9().j^ 39^1)2;“); ShikiaLa, and Kiioura, J. Chc.iiL. Auc., Ab-^., 1921, ii, 120, 2(>9 ; 8a.t6, 
ibid., 1.920, A, 931 ; Kinnira, ibld... 1 920, A, 1 14. 

A Laoroix, Com.})!, rend., 1911, 152, “>39; sre also Bro.g.gor, /or. c.lt. ; J. L. Smitli, 
A iii.ci'. J. Acl., 1877, 13, 300 ; (Jht'm: Xi irn, 1883, 48, 13, 29 ; I880, 51, 289, 304 ; Donald, 
ibid., 1 884, 49^ 239 ; lloscor, J. Chtni. Sac., 1 882,41,277 ; Gibbs, A-aLer.ChenL J., 1893, 15, 540. 




122 


VAKADIUM, iSTIOBlUM, AXD TAXTALUAT. 

History. — The discovery of niobium is intimately connected with 
that of tantalum, firstly because these metals are consistently associated 
together in tlicir natural ores, and secondly, because their separation 
from one another iias proved an extremely difficult matter. Indeed, 
the chemistry of these elements is so closely parallel that considerable 
time elapsed before their separate identities were definitely established. 

In 1801 Hatchett,^ an English chemist, while working on some 
chromium minerals in the British Museum, examined a black mineral 
which had been found in the Connecticut valley and had been sent 
to the then president of the Royal Society. Hatchett reported the 
existence in the mineral of a new element, for which he suggested the 
name columbium, because the ore had come from America. The 
mineral itself became known as cohmibite. In the following year 
Ekeberg - found what he tliought was another new element in two other 
minerals, what is now known as tantalite, from Kimito (Finland), and 
yitrotantalite, from Ytterby (Sweden). This new element was named 
tantalum, partly because mythological names were then common for 
new elements, and partly because of the tantalising difficulty that was 
experienced in dissolving the oxide of the new metal in excess of acids. 
Wollaston ^ subsequently compared the properties of the two new 
elements by re-examining their ores, and endeavoured to show that 
they were identical. - It is now known that what was then looked upon 
as the pure oxide must have been tantalum pentoxide mixed with 
small proportions of niobium pentoxide, and the new “ element ” was 
therefore impure tantalum. 

In 1839 Wohler‘S investigated some peculiar pro])crties of an acid 
oxide (now known to be a mixture of niobic acid and titanic acid) 
present in the mineral and in some Bavarian tantaliies. 

Rose ^ followed up the observation that many coluin, bites and tantalites, 
as well as the acids obtained from them, displayed widely varying 
densities, and, after close investigation into their composition, he 
announced in 1844 that the columbites from Bodenmais in Bavaria 
contained, in addition to tantalic acid, the acid oxide of a metal wliich 
was not present in columbites from Sweden and Finland. The new 
metal was named niobium after Xiobc, a daugliter of Tantalus. In 
1840 Rose thought that he had discovered the acid oxide of still another 
metal, to whicli he gave the name })clopium,‘^ but later he decided that 
this new acid was inerch^ hyponiobic acid." In 1850-57 Hermann 
showed that both tantalum and niobium occur in the various natural 
tantalites and columbites. 

From a consideration of the composition of the halides, and because 
of the sup]:) 0 scd isoniorpliism of tantalic acid and stannic acid, Rose gave 
the forrniihe NbOo and Ta02 to anhydrous niobic acid and tantalic acid 
res])cctively, but in so doing he re])catcd an error that had previously been 
made by Berzelius with regax’d to vanadium com[)ounds, and overlooked 
the presence in the halides of an oxygen atom (see p. 24). Blomstrand ^ 

1 Kaiclictt, ]^roc. llojj. Soc , I 802, 92 , 40. 

- Pkeberg, Ofvc.rs. K. Vet.- A had. L'ork., 1802, 23, 180; A un ('hini., 1802, ^3, 70. 
VV(41astoji, Phil. Trans., 1800, 99, 2-10; rioo also Ik-rzeliiis, P()(j(j. Anaalva, 182“), 
4 , 0 ; Ojr.trs. K. Vet.- A Lad. Fork., 1824, 2 ; Ann. C'k iin. J 825, [li 1. 29, ‘>00. 

^ W'olilor, Jh)(j(j. An/ialen, 18:10, 48 , OL 
Uosc, i/u'tZ.,'l844, 63 , 307, 003. 

ItosG, ibid.. 1840, 60 , 118. 


^ hose, ibid., 1853. 00 . 471. 



XIOBIUM AND TANTALUM. 


123 


and Marignac ^ sul)sequently analysed a large number of chlorides of 
different origin, and investigated the constitution of the fluorides and 
double fluorides of niobiinn. A “ hy})onio])ic fluoride ’’ was found to 
contain three a loins of fluorine for one atom of oxygen, and its double 
iluoridcs with the fluorides of other metals were shown to be iso- 
morphous with similar double fluorides given by titanium tetrafluoride, 
TiF4, tin tetrafluoride, SnF.i, and tungsten ox^^difluoride, WO2F2. 
Furthermore, a comparison of tlie oxyfluorides of tungsten with the 
fluorides of titanium, tin, silicon and zinc had previously shown that 
an atom of fluorine in these compounds could be replaced by an atom 
of oxygen without disturbing the isomorphism. The formula for 

hyponiobie fluoride '' thereupon became NbOF3, and in consequence, 
niobic anhydride became Xb oO^. The formula for tantalic anhydride was 
established as Ta205 at the same time, because tantalic acid occurs in 
isomorphous mixtures with niobic acid in several minerals, from which 
isomorphous double fluorides, such as potassium tantalum fluoride, 
KoTaF^, and potassium niobium fluoride, K2NbF7, were also obtained. 
These conclusions wmre confirmed by determinations of the vapour 
densities of niobium pentachloride, XbCl5, tantalum pentachloride, 
TaCl5, and niobium oxy trichloride, XbOClg, by Deville and Troost in 
1865.2 

Marignac ^ also show’ed that previous methods for the separation 
of niobium and tantalum w'ere far from perfect, and for the first time 
he succeeded in preparing pure niobium and tantalum compounds. 
Ills methods arc still in use to some extent, and his analyses provided 
the first reliable values for the atomic weights of these elements. It 
should be stated, too, that Rose's earlier researches, which extended 
over a period of i\early twenty years, liave provided a valuable source 
of information for the chemistry of niobium and tantalum.'^ His 
calculations and lormuljc were revised by Rammelsberg ^ in the light 
of subsequent discoveries. 

During the years LSGO to fSTl the ])rescnce of various other elements 
in colunfbites and tantalitcs was reported. Hermann ^ defended tlic 
original formuhe of Rose for niobium and tantalum compounds, ai^d 
announced the existence 01 anotlicr element, wlfleh he styled ilmenium, 
iji yitro-ilinenite, scunarnhite, and otlier niobium-bearing minerals, but 
ilmenium wns siiowm by Marignac to be a mixture of niobium and 
titanium. Hermann also (dainiccH the discovery of still another metal, 
wiiieli he called neptunium, but Blomstrand and Larsson ^ independently 
showed it to be identical wuth niobium, and Smith w'as unable to 
confirm Hermann’s preparation. KobelH^ came to the conclusion that 
nio])itcs from Dodenmais in Bavaria contained the acid oxide of a 
metal wfliieh he named dianium, and w'hicii wars not present in niobites 
Jrom X^orth America and Greenland; but the identity of dianium and 

' A nn. ('fiiin. Phij.n, ] SG(), [iv], 8, S, 41) ; J 9, 2-19. 

“ i^i'villc; aiifl CorniA,. ic.iid., 1 80“), 60, 1221. 

'* AKtfignnc;, ibid., ISlia, 60, 234. Kosc, Po(!<J. A 'nnnhn, 1S-I4--03, 63-118. 

'' Uainnictsl.xTg, ibid.. 1809, 136 , 177, 302. 

'' lIcTiriaTin, ./. y;yY/./ 7 . ('ht')n.., 18-10, 38 , 91 ; 1870, 2 , 108 ; 1871, 3 , 373 ; 1871, 4, 178 ; 
(Aioni. ]87i, 24, 73 ; 1872, 26 , 194 ; 1873, 27 , 09. 

' 1-L(',rnuiiin, 'Avllsch. (inal. CIlvih., 1871, 10, 344; Chtm. Ntu's, 1877, 35, 197. 

f.arsson, Zcitsch. anor(j. Chain.., 1890, 12, 189. 

^ ]']. F, Smitli, J^roc. A-nic.r. Phil. Soc., 190.'), 44, lal ; Chem. Actrs, 1900, 92, 209. 

KnOrOl J yrrnJ-t I SaO 901. 1 aa 1 Ro 193.449: 7\V7/’6'. 1802. S. 41. 
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niobium was also soon establishccIA Kriiss and Nilson,“ on spectro- 
scopic evidence, assumed the existence of still another element in 
fergus-ofiitc, but the assumption became untenable.’^ A re-investigation 
of American mom tes and tantalites carried out in 1905 Mailed to bring to 
light any new elenicnis otiier than niobium and tantalum ; tliis result 
was conlmmed by spectroscopic examination of several samples of niobium 
pentoxide which had been prepared from various minerals."' 

lyiobiuin and taircalum suddenly received considerable attention 
about the year 1005 as possible materials for the hlaments of incan- 
descent electric lamps in place of the carbon lilament tlien in use\ 
The metals were then prepared in the pure state for the hrst time 
by Tjv Werner von Uoltonb^ and their properties were examined. 
Niobium wms lound to be unsuitable for the purpose in view, but 
tantalum proved to be satisfactory. Tantalum lamps were manu- 
factured in large (piantitics ])etween the years 1905 and 1911, when the 
metal was displaced by the electrically more efficient tungsten. 

Extraction.- -The mctliod of extraction of niobium and tantalum 
compounds irom their natural ores docs not differ from the process 
followed in the cpiantita.ti vc examination of the ores, and consists, 
briefly, in 1 ‘using the material with an alkali or alkali salt, extracting 
tlie fused mixture^ ol niobates and tantalatcs with water, and hydrolysing 
the solution by boiling, Av]icreuj)on a comparatively insoluble mixture of 
iiiobie and fanlalic acids or their aiiliydrides is obtained, wliicli yields 
the pciitx)xi(I(‘S, NhoO-- and Ta,d)_, on l)cing ignited. Only tliosc metals 
which gi\'e rise lo acid oxidc'S (Icanand special separation.^ 

Tlic‘ moix' d(d ailed description of th.e extraction is conveniently 
(li\'i(Ied into 1 inaa* si ages : 

I. Preparation oi a mixiure free iVom tin, antimony, iron, man- 

ga la-ao, Cl c. 

n. PcmoNal of li[a,niiim iVoin the mixture. 

III. Scpai'aiion n!' niobmni From taiitaluni in the ])rodnct. 

I. P/'i'jiara/ /(j/i oj a Miaiure Free from I'iig Atilhnmiy, Iron, 

M (nigdiiese. Etc. 

d'lic finds p< >v> ( (cri •( 1 niobifi' or lauia.htc, winch should conlain as 
litlh- tii.'niiniM :c-. pi ss'-i 1 >!'•. is Fused For sc'S'ca'cd hours with, a, lai'gc^ crxcc^ss 
oF potassium liwlro-'cn sulphate' or sodnmi liydrogi'n snlphatx' in a 
silica or jilaiininn oriicii)}!' : llic' cootc'd mass is I lioi'oiighly (sxl ra,ct cxl 
b\’ l)(ulm:/ witii \satrr. and the- jirccipilal.c, which consists mainly ot‘ 
iiiobn* an<l laidahc acids ti^gotlu'r with some* oF ih(‘ sulpha is 
digcslod with annmomimi sulphide to rc'mox’C' tin. antimony a.nd 
t.nngston. and to oonxert any iron or nuingaiicsc into sulphide', w'liicli 

' I )(• \ life .1 Ild I I < -I 1 . 1 , e '•'tH }ii. H //(I , 1 Sfil , 53 , iOU-l . 

sri.i Xi! -.n, r., |SS7, 20 , gllU ; Chm. Vr-/-.v. !SS7, 56 , S(i. 

- !n,. rj. 

‘ Is. i' . Si.Mll;. I’x'. I it. : ll.iil .irul Smith, I’roc. .Ihi.ii. I'fnI. SVi'S, !!)(),), I <7 : ('Iic/h- 
Ah//'.'., lau;,, 2:’'). esc. 2(2, 2.72, 2(i2, 27r) ; Half J. A/n(f. ('Ini,:.. SV/r., lUO}, 26, 12:h7. 

•’ r..t!i-, i’uA . Inns, ?o, lUiiS ; H ililrlifanif IDUS, 30 , !()72. 

•' XMii Z- it A/ l-'.l, itmchi Hi., IDOa, 11 , 4 "), 722 ; HH)7, 13 , l-iS , src alsn Sicnuais, 

('hi ift Si u s 1 San, loo. 22.‘;. 

” a li-a a iui {he c )>n [ilct c analysis of an oit, sen Snlioallcr and I’ow'itl, I’/W: 

1/, •//</'// it t'A < h i y- (ij Ih' /a//v /• (( datlin, Loiuinn), lUH), Ml. 

rut'. Tufaulii SOuitis. dcoL So-., H)2:f Xo. Kf ])[). -10 la; A. ('In;ii. Sor., 
Ahs., 102 1 , 11 , 126 , 2u7 ; ndcs, ('hem. A or.v, 11)09,99, .1. 
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is removed with hydrocldoric acidd Some of the niobic and tan- 
tajie aeids may also l)c dissolved by tlie hydrochlorie aeid, however.- 
Separation oi siliea is clTeeted in the usual way by evaporation of 
the liydrolluorie aeid solution of tlie residue in a ])]atinum dish with 
addition oi sulphuric aeid. In order to remove siliea without loss of 
niobium and tantalum throuali possible vaporisation of the penta- 
lluorides, NbTb and TalL, extraction of the niobic and taiitalic acids 
Avith caustic soda or caustic potash has been recommended.''^ 

Treatment ol‘ the fused ore Avith ammonium sulphide, as described 
above ibr the removal of tin, antimony and tungsten, does not proceed 
quantitatiAmly ; better separation is claimed to result on fusing the 
mixed niol)ic and taiitalic acids Avith a large excess of a mixture of 
sodium carbonate and suljihur and then extracting AAuth water, seA^eral 
refusions being necessary An altcrnatiAm method for the removal 
of tungsten consists in boiling the alkaline aqueous extract of the fused 
ore with ammonium nitrate, the mixed niobic and tantalic acids being 
])recipitatcd, Avliile ammonium tungstate is left in solution.'^ In a 
more recent method the mixed niobic and tantalic aeids are fused Avith 
jiotassium carbonate and the aqueous extract treated Avith sodium 
chloride ; the mixed acids are thereupon precipitated, the tungsten 
being left in the filtrate as tungstic acid.^’ 

Instead of lixiAuating Avith Avatcr, the pyrosulphate fusion is folloAved 
in a recent ]iroeess " by extraction Avith tartaric acid solution ; the 
insoluble residue contains silica, tin, and lead, and the solution, after 
being saturated Avith hydrogen sulphide for the precipitation of copper, 
antimony, etc., contains the hydroxides of niobium and tantalum as well 
as tungsten, titanium, zirconium, rare earth metals, etc. 

In addition to potassium hydrogen sulpliate and sodium hydrogen 
sulphate® I'or 0})ening up the ore, potassium carbonate,^ sodium 
])(Toxide, and alkali iiydroxides Iuiax been employed. The use of 
])otassiuni hydroxide is preferred in tlie ease of a high-grade ore of Ioav 
titanium content it has the advantage over sodium hydroxide that 
potassium taidalates arc soluble in solutions Achich contain excess oi 
Ihc. alkali, Avliereas sodium tantalatcs arc insoluble. 

For minerals in Avliieh the titanium content is high it has been found 
])relerable to attack the ore Avith potassium hydrogen fluoride, KHFo, 
or cone.caitrated hydrolhioric acid.^“ In one sueli process the powdered 

^ UariL^nac., Ann. Chnn. lAnjs.. iS(i(5. |ivt 8 . ()2 ; lla.ninu'lslHav, 'imikl. Chcvi., 
IS(‘)‘), 107, Ikxj'j. Art))<iJ(ii, 1S71, 144, (M ; Wc-iiiLuul and Slorz, ZclU'ch. anorg. 

(lu-iih., n)()7, 54, 2,‘)d , ( 'licsm-aii, CotngiL k’/kJ . 149, 1 !l>2. 

“ \\ Ciss and Landecknr, nuorg. llH'd, 64. d,) ; (■hc-itt. A ('!/'■'■', lOU), loi, . 3 . 

von dohii, ChevL 100, 154; c:()nij)arc Sc-liocllvr and Town]], Analyd, 

11)28, 53 , 258. 

■' Cotnparv, iiowt'VcT’, Scliot'lk'i' and dalin. ihul., 11)27, 52, 5()j ; (■ilas, loc. cit. 
It It Sinitli, Xc.ir,'^, 1005, 92, 2()0 ; Jladl, J. Axivj. (i'lcin:. Aoc., 190-1, 26, 1235; 

Ucdl’ord, ihid., 11)05, 27, 1210. 

llnllnludnuT, (Jhrm. ZriL, 1000, 24, 870; Chrm.. Xcv'x, 1002, 85, 184; coniparc 
Scliocllcf and rlalin, /oc. riL 

vScIk K'llvr a nd dalni, /or. rg. 

' I'owcll aral Sclioollcr. J. ChinK Sor., 1021, II9. 1027. 

^ Srars, ./. J ///.r/- t/t-///,. tor., 1 020, 48, 3-i:*, ; 1020,51, 122. 

'' iliiss. Zf /[-scii. (nionj. ('hem., 1 1)02, 31, 50; (dies. Chr-in. At?/-, l.DOO, 99. I, 2a. 

Aloif, And-., lOiO, I13, 250: I3alk(\, J. A)nvr. ('dtcni. Aoc., 1010, 32, 1129; lv0.sa, 

/'ov//. IS(il, II3, . ■ r.i ■ , 

'■> Simpson.' 67-rM.. AVn/'s, 1»09, 99 , 2-13 ; lialkc, Induslrial and hngmeenng Chenudlry, 
1023, 15 , 500. Smith, Conbpt. rend., 1878, 87 , I dO ; Cdicni. Z ews, 1883, 29. 
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niobite is evaporated almost to dryness with a solution oi* potassium 
hydrogen fluoride, and the residue fused and dissolved in hydrofluoric 
acid, from which crystals of potassium tantalum iluoridc, KoTalA, 
and of potassium niobium oxyliuoride, KoNl^OLL.IloO, arc obtained on 
evaporating and cooling. These are freed from iron and manganese 
either by recrystailising, or better, by previous treatment in solution 
with hydrogen sulphide.^ 

Older methods of opening up the ore, now only of historical interest, 
consisted in heating it for several hours with a mixture of sugar charcoal 
and sodium carbonate in a carbon crucible, whereupon the niobium, 
tantalum and titanium formed their carbides and nitrides. The pro- 
duct was treated with boiling concentrated hydroc’iloric acid and dilute 
hydrofluoric acid, which removed the tin, iron, calcium, and some of 
the yttrium. The dried residue was carefully heated in a stream of 
clilorine ; the more volatile chlorides of titanium and silicon were 
thereby removed, and there was left in the tube a mixture of the chlorides 
of niobium and tantalum, together with small proportions of ferric 
chloride and tungsten oxychloride. The product was extracted with 
dilute hydrochloric acid, and the niobium and tantalum chlorides hydro- 
lysed by boiling water to the pcntoxidcs.^ I^Ioissan ^ obtained a mixture 
of niobic and tantalic acids very conveniently by heating a powdered 
niobite wdth sugar charcoal in the electric oven, jlost of the man- 
ganese and the greater portion of the iron and silicon were volatilised ; 
the residue, which consisted of Uu? cairhides oJ’ niobium and tantalum, 
was dissolved in hydrofluoric acid to whic.li a small (jiiantity of nitric 
acid had been added. The iron wa.s removed with ajiimonium sulphide, 
and ])otassiurn iluoridc acldc'd, wh(‘reupon coucen tralion and c-ooling 
ga;ve a. mixture of potassium t.auialum Iluoridc*, KoTath, and ])otassiuni 
nio])ii]m oxy lluoriclc, ^ 2 ^^* 

Zirconium (‘.an he rcniovcai (rom tiu* mixc'd prt'cnpil atc*d ac.ids by 
fusing them with ])()tassium carhonaU* ami (‘X tract, ing (lit* inc'lt with 
:*ohl wat(a\ Ihu; niobium and tantalum pass inlo solulion as niobatc 
and tan tala {(' of pot.assiuin rcsp(*ct i \(‘ly, while llu* zirconium rcamiiiis 
imdissolv(‘(l as Mu* dioxide*, ZrOo.’^ The nielhod is more* suil(*{l for the 
rcmo\uil of zirconium I'rom nio})at(*s than from 1 ant alaU's.'"' 

!!. Rmiovdl (if Titinifiiui. 

'Flu* rcanoval of litaniuin j’rom mi\<*(! niobic and tantalie! acids is a 
lillicult mat}(*r. Although lilanimn and niobium (‘(jiiipoiinds display 
*()nsi(l(‘rabl(‘ eli lT(‘r(‘nccs in lla-ir gcm'ral bcliaviour, wIk'ii tine l.wo (*le- 
ncnt,s occur tog(‘t,ht‘r they app<‘ar to undepM) a change*, in (‘onsc(jnencc 
)1‘ wliicdi th(*y b(*(*onic dilflcult. to separate*. .Viohic* ae'id, I'or insta,nc(*, 
s })rc(*ipi tal,(‘(! from a. much more* conce-nt rat cd boiling sulphuric*, acid 
loiution t.han is titanic, acid: but when (la* (we) ae'iels arc* dissolved 

* (ol)]>s, A int r. rJ . An., ISS!. [nj, 37. •?<>■> ; t^ninn'. •/. A /n r. ('Itmi. Aor., 

8, •!() ; ItiiT, ihid , lUoS, 30. Hitia. .uiU Lai!"!-;'*- I/'*-*' An., ISlO, |i\ ], 30, ; 51 ) 3 . 

•' UdIv, Annfihs Ai'irnttjifji/, ^ il, / /.'.«</. I t lS77, jiij, 6, 1 SS. 

•' M ui; ,.s;> IK Hull. Anr. r/itf/t;, in', :' 7 . ! 3 'i . /.i_ .trxL, UjeU, 133, ao. 

* X ( )\-c,s a lul 1 >i a \ / . {tinl-i >■ [■-iflx Ahi. ( M .aiaill.i n, 1 .ontlaii ), 1 !)27, 
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togetlier in sulphuric acid the precipitation of the niol^ic acid docs not 
Lake place unless the solution has been diluted considerably, i.e. tlic 
hydrolysis of the niobium salt is impeded by the ])rcsencc of titanium. ^ 
(On the other hand, tlic hydrolysis of the niobium salt is accelerated 
by the presence of a small quantity of tantalum.) Again, when titanic 
acid is fused with potassium carbonate and the melt is extracted witli 
boiling water, only about 1 per cent, of the titanic acid is dissolved ; 
in the presence of niobic acid, however, the greater proportion of the 
titanic acid passes into solution on the same treatment, and some of 
the niobic acid remains in the residue. These modifications in the 
})ropertics of niobium in the presence of titanium were in part responsible 
for the erroneous assumption of the existence of various new elements 
in niobium and tantalum ores (sec p. 123). More recently it lias also 
been shown that the solubilities of niobic acid, tantalic acid and titanic 
acid in acidihed hydrogen peroxide solution, are affected by tlic presence 
of each other, according to the conditions.^ 

A coin]:)letcly satisfactory process for the quantitative separation 
of titanium from niobium and tantalum has not yet been evolved ; 
ncarlv all the methods that have been suggested from time to time have 
subsequently received adverse criticism. One that suffers least in this 
respect consists in boiling the mixed precipitated acids for several 
hours with excess of a dilute solution of salicylic acid. The titanic 
acid is dissolved ; the residue is ignited and the process repeated several 
times, when all the niobium and tantalum are contained in the residue, 
while the salicylate filtrates contain all the titanium, which is subse- 
quently prcci])itated with ammonia and estimated as titanium dioxide, 
TiOod Another process of separation, which is stated to be available 
in the presence of appreciable amounts of titanium, consists in fusing 
the mixed acids (after removal of tin, antimony, tungsten) with sodium 
nitrate, or with an alkali and an oxidising agent, wdiich is claimed to 
prevent the formation of soluble compounds of titanium with niobium 
or tantalum.'' After extracting the fused ])roduct with water only a 
very little titanium remains in solution, and this is removed by 
liydrogcn sulphide.^' The filtrate is boiled until free from hydrogen 
sulphide, acidified with sulphuric acid, and boiled with sulphurous 
acid, which precipitates only niobic and tantalic acids." Alternatively, 
the mixed precipitated acids may be dissolved in acidified hydrogen per- 
oxide and boiled witli sulphurous acid ; the precipitate contains only a 
small amount of titanium, and repetition of the process is stated to yield 
a titanium-free product. Fusion of the mixed acids v-ith a mixture 

Sclioellfr und WnitcT’jiousc, An(dy,'ii, 1928, 53 , 4(17 ; Marigiinc, Anv.. Cfirin.. Jdii/s., 
iSGS, [ iv 1, 13 , 7. 

- 11 aim a.iid Uillc, ZdUrJi. anorg. CheDi., ] 920, 112 , 28.3 ; (Ulc's, Clitia. 1907, 

95 ’ -U. 

Scli()(4](‘i- and i leering, AiudnA.^ 1927, 52 , G25. 

’ Muller, J. Avitr. Chc/tn.. jSoc., 1911, 33, IdOG; Noyes a.nd Biaiy, (ynthUtti rv A})rdih-<is 
for the. Rara RhvituU (Macmillan, Loiidon), 1927, 77 ; Ditlrieli amd tixmnd, Zc.ilrch. 
anorg. Cficai., 1907, ' 56 , 344, 34 G. 

Coiti])a,r(‘, howevei-, Ilaus('r aTul Lewite, Zc.itsc]i. avgc'ir. ('hon. , 1912. 25 , 100 ; Meini- 
herg and Win'/ei-, U)i<i., 1913, 26 , 1 .97. 

" l\u(T and Scldller {Zvitsch. anorg. CRi(.m., 1911, 72 , 329) (kmy lliis. 

" Weiss aaid La n('l(‘ck(‘r, /nvV/., 11)09, 64, Go; Rhnm. Ar.ma, 1910, lOi, 14 ; eorni)are 
Ott, J)Un('.rlatL(ji>. (Miinic.li, 1911); Wdulekind and Maas, Z(dl.-<ch. angry:. Chcni-.. 1910, 
23,2315. 

^ Weiss and LaiuLaTcr, loc. rlL ; llnlin and. (nlle [loo. cit.) v/ere unable to obtain 
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of caustic potash and potassium cyanide has also been recommended 
for the quantitative separation of titanium ; tlie melt is extraeted 
with ]iot water, all the titanium remaining in tlie residue A 

In 1905 Hail and Smith - investigated all the then known methods 
for the removal of titanium, and tried various other processes; tliey 
were unable, however, to improve on Marignac's method ot fractional 
recrystallisation of the double potassium lluoridesA This method has 
the disadvantage that in the case of the niobium salt [n’otraeted and 
tedious repetition is necessary before it is obtained tree irom titanium, 
and the method becomes impossible wnth small quantities of material.'^ 


HI. Separation of Kiohium and Tantalum,. 

The close similarity in the chemieal behaviour of the compounds 
of these two elements has rendered their separation extremely difficult. 
Although many processes have been investigated, the method most in 
use appears to be that evolved by Marignac as long ago as I8GG, or 
a modification of it.^ This depends, firstly, on the difference in the 
solubilities of potassium niobium oxyfluoride, KoNbOF-.IloO (1 ])art 
in 12 to '13 parts of water between 17" and 21" C.). and ])otassium 
tantalum fluoride, KoTaF. (1 part in 150 to IGO parts of water con- 
taining a small quantity of hydrolluoric acid, at the same temperature) ; 
and, secondly, on the fact that these two compounds arc not iso- 
morphous, and mixed crystals or solid solutions are therefore not 
produced. For tlie separation, the mixture of niobic acid and tantalic 
acid is dissolved in concentrated hydrofluoric acid, potassium fluoride 
is added in correct quantity, and the whole is carefully concentrated. 
The double potassium tantalum fluoride is first precipitated in acicular, 
rhombic needles ; the filtrate, on being concentrated, with further 
addition of hydrofluoric acid and potassium fluoride, yields white, 
semi-transparent, granular plates of potassium niobium oxylluoridc 
mixed with the needles of potassium tantalum fluoride, which arc 
separated by recrystallisation. In a modification of this process, 
potassium chloride is added to the hychofluoric acid solution of the 
niobic and tantalic acids instead of potassium fluoride ; the double 
potassium niobium fluoride, KoXblh, remains dissolved and the tantalum 
salt is precipitated.” 

Ruff and Schiller ^ determined tlie solubilities of the double fluorides 
of niobium and tantalum, KoXbF^ and KoTaF^, in varying quantities 
of hydrofluoric acid and potassium fluoride, and based a .method of 
fractional separation on the results, which showed that the solubility 
of both fluorides diminishes with increasing concentration of ])otassium 
fluoride and decreasing concentration of hydrofluoric acad ; the 
solubility increases rapidly with rising temperature, and is always 

^ Weiss and La n decker, loc. ciL. ; Moir, loc. cil. 

- Hall and Smith, CJic.rn,. Ncv:s. HJur), 92, 282. 

2 Marignac, Aim. Ch.'nti. PJnjs., ISdG, [iv], 8. o, 40, (iS. 

Kriiss and Nds<m, lUr., 1887, 20. ](i84 ; Smith, CliCia. AVi/.v, 1905, 92, 209. 

^ Alar'ignac. lor. ril. ; sei' also iliill a.nd Sclniler, Zril.srit. (inoKj. Chriii.., 101 1, 72, 280 ; 
Mf-imb(‘rg, Ziiisch. niKuor, aiirjn.. 101:1, 26, 8.8: Levy, AnaluM., lOl.l, 40, 2(AL 

•’ I oi' prad If';) 1 dctaits scf* Almlor, ,1 cm (Ji/tniiilalirc f ir AnaJ/i.^tr 

(Cd'ifi'in, London), lOUl, 421; also Scdiocdlef and Ihnvell, 77m of Mmcridr aiid 

(Jre6 of ilt-e. lian r Ploncnis ((.dillin, London), 1019, 188. 

‘ Meimborg and Winzer, Zeitsek. aiujcv. ClidTii., 1018, 26, 157. 

^ KliH and Schiller, loc. cit. 
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greater for the niobium than for the tantalum salt. The tantalum 
may also be preci])itatcd and rcmo\'Xd partly ^ or completelv - as 
IDotassium tantalum oxylluoridc, Avhilc the niobium remains in solution.^ 

Conversion of the separated fluorides into the corres])onding oxides 
is cfl'ected by boiling with concentrated siilpliurie acid until free from 
fluorine, and then h^xlrolysing the product by boiling witli water. 
Alternatively, the hydrated acids are ])rcci2)itated by the addition of 
ammonia to the solutions of the double fluorides.^^ Niobium ]X‘ntoxidc, 
NboO-, or tantalum ])entoxidc, Tao05, is obtained on ignition of the 
precipitated hydrate. 

A method of separation which avoids the preparation of the double 
fluorides consists in fusing the mixed niobic and tantalic acids with 
sodium carbonate and nitrate ; the product is digested Avith Avarm 
Avatcr and a current of carbon dioxide is passed through tlie solution. 
It is claimed that only tantalic acid is ])rccipitatcd.^ This process has, 
hoAvcAmr, been the subject of adA'crsc criticism.^' Partial separation 
of niobium from tantalum can be effected by Avarming the mixed, 
freshly precipitated, hydrated oxides Avith a mixture of hydrogen 
peroxide and hydrochloric acid ; the niobium dissohxs readily, Avhile 
the tantalum dissolves only sparingly.'^ 

A more recent process, Avhich avoids tlie difliculties associated Avith 
Marignac’s method, is based on the solubility of niobium pentoxide and 
the comparative insolubility of tantalum })entoxidc in a mixture of 
equal A'olumcs of selenium oxychloride, SeOCU, and concentrated 
sulphuric acid.® The tantalum pentoxide is left in the residue, and 
hydrolysis of the extract after dilution yields jiiobie acid. 


Estimation of Niobium and Tantalum. 

The N'arious methods in use for o])ening up the natural ores, and the 
separation of other metals from niobium and tantalum, have already 
been described in dealing with the extraction ol’ these elements (sec p. 
124) ; similar methods apply to quantitative processes. The (]uantitati ve 
determination of either niobium or tantalum is best effected by con- 
verting the nio})ium or tantalum compound into the pentoxide and 
Avcighing as such. In the case of the Ihiorides, oxylluoridcs, or double 
iluoridcs Avith the alkali jnctals, and Ihc uiobates and tantalatcs, the 
couAmrsion is effected either by digesting with concentrated sulphuric 
acid or by fusing Avith ])otassium hydrogen sulphate; the residue, after 
extraction Avith Avater, is ignited in the ])rcsencc of ammonium carbonate.'^ 
In technical ])racticc the product Avill usually contain both niolhum 
pentoxide and tantalum pentoxide. 

^ Hall and Sniitli, Chtm. Xcir.s, HlOa, 92, 221. von -Jolin, ihid., 1;)U!), lOO, ir)-l. 

^ Xoyes ;i:kI Bray, loc. cil. Balkc, Cf/i-ui.. Mr/. ICikj.. 11)22, 26, 1272. 

^ Weiss and Landeelan-, ZtiUcIi. aiiorff. C/ichl, 1009, 64. Od ; Clu ni: A c a's, 1010, lOl, 
2, 13. 20. 

Wedekind and Maas, ZrUsrh. aMf/P'iv. Chc/u., 1010, 23, 23 B1 ; tlaiiser and LeviLe, 
ihlcL, 1012, 25, 100 ; Hootc; and Langley, Atiu-.r. J. Sri., 1010, |iv], 30, -101 ; Aleimberg 
and Winz.er-, loc. ctl. ; eoin})ai'(‘ adso Keadden, lor. rlf. 

" W'eiss aiid Landeekei-, loc. cil. 

« Lenher, J. A)o,rr. Chem. Sac., 1021, 43, 21 ; MevAU, ihid., 1021, 43^ 

AVolder, Pogrj. Aniialro, 1830, 48, 92; Marignac, Ann. C/iiot.. Pliifc... 1800, pv], 
8, 63 ; W'eiss and Landeckcr, Ztilscdi. anorg. Chem., 1000, 64, 00. 
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Esibncdion of Niobiuvi and Tanialum zohen Present Together. 

(a) Gravimetric Methods. — The mixture of pciitoxides of 
niol^ium and tautaliiin is rcdissolved in concentrated liydroriuorie acid 
and separated by Marignac's process (see p. 128); the potassinin 
tantalum Huoride and ])otassium niobium oxyfluoride arc then separately 
converted into the pentoxides as described above, and weigh ed.^ Tliis 
method has several disadvantages: (1) The ratio of the solubilities of 
the t^Yo compounds on which the separation is based is only approxi- 
mately 10 : 1, and the process is, therefore, necessarily inaccurate ; 
even when the recr^estallisation is repeated to a tedious extent tlie 
error approaches 1 per cent. (2) The concentration of the hydro- 
fluoric acid and of the potassium fluoride must be carefully controlled; 
if the acidity is too low, an oxyfluoride of tantalum is preci]:)itatcd ; if 
the acidity is too great, a normal fluoride of niobium is obtained. (3) 
Several platinum dishes are necessary. 

An entirely different metliod of sc])aration, wliich avoids the dis- 
advantages of MarignacA ]:)roccss, is based on the differential hydrolytic 
dissociation of oxalo-niobic acid and oxalo-tantalic acid in the ])rescnce 
of tannin in slightl}' acid solution. The colour of the tantalum ]n'e- 
ci]:)itate (sulj^hur yellow) is much paler than that of the niobium 
precipitate (vermilion).- The ])resence of titanium interferes with the 
precipitation.^ Extraction of niobium pentoxide in a mixture of equal 
volumes of selenium oxychloride and concentrated sulphuric acid, in 
which tantalum pentoxide is insoluble, also provides a convenient 
quantitative separation.'^ In another recent process the niobium 
pentoxide is determined in the presence of tantalum by reducing it to 
the dioxide, Xb 02 , in a stream of hydrogen, and noting the gain in 
weight on reoxidising it in air at a red hcat.^ A rough .method i'or 
the estimation of niobium ])cntoxide and tantalum pentoxide depends 
on the considerable difference in their densities ; the ordinary s])e(*ihc 
gravity bottle is used, and the composition of the mixture ascertained 
by reference to a table.^ 

The analysis of ferrotantalum alloys and of tantaluu'i steels also 
involves the conversion of the tantalum present into the ])entoxidc. 
The material is dissolved in hydrofluoric acid and nitric acid, evaporated 
to dryness, and the residue fused with potassium hydrogen sulphate ; 
extraction with dilute hydrochloric acid and hydrolysis yield a ])re- 
cipitate of h^^drated tantalic pentoxide, the iron rcmaiifing i]i solution.’ 

Cupferron can be em]:)loyed for the estimation of niobium and 
tantalum together, but docs not differentiate ])ctwecn tlicin ; any 
titanium present is also simultaneously precipitatcal.- 

(b) Volumetric Methods. — Pentavalent niobium com])ouiids differ 

^ C.V)tn[)ai'(> Tighe, J. Soc. Che'/ji. Jvd., 1906, 25, (3S1. 

“ Powell and bclioolleT', Anal-i/st, 1 92;ji, 50, -18“). 

^ Sehoollej' and Powell, ibid., 1928, 53, 2oS,^ 

Morrill, J. Anicr. C'hcnn. Soc., 1921, 43, 2378. 

Pull and Thomas. Z/it<c}i. unorf]. Cbcm., 1926, 156, 213. 

Toolo ;ind LaTlc'-lrv. tdo n.a • I r-vx.' Aruihiy.l 101 S /in 9m- 
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from pcntavalent tantalum compounds in tliat they can be reduced by 
nascent hydrooen in hot acid solution approximately to the trivalcnt 
state, and can then be titrated back with potassium permanganate 
solution, the tantalum compound remaining' unaltered. The final stage 
of tlie reduction has been variously reported as being equivalent to 
Nb30i3,^ XbioO^?,^ Xb20 3-107,^^ and ap])ears to depend on the quality of 
the reagents, the degree of dispersion of the niobic acid, and on other 
conditions concerning which insufRcicnt is Imown at ]Dresent to render 
the method accurate.^ TreadwelU recommends reduction with cadmium 
amalgam in the presence of ammonium vanadate, ammonium molybdate, 
or titanium sulphate, and electrometric titration of the trivalent solution 
so obtained AYith potassium permanganate. 

(c) Colorimetric Method.— A colorimetric method for the estiiYia- 
tion of small quantities of niobiiim in tantalum compounds lias l)ecn 
worked out by IMeimbcrg.^ This takes advantage of the colour change 
that is produced when a pcntavalent niobium salt in acid solution is 
reduced with tin ; a tantalum salt remains unaffected under the same 
conditions. 

The estimation of small quantities of tantalum in niobium com- 
])ounds is more difficult, and cannot be carried out colorimetrically. 
The usual method is to conA-ert the material into the jiotassium double 
fluoride, and then to take advantage of the fact that a white precipitate 
of jiotassium tantalum oxylluoride, K/Ta^jO^l^.^ (see p. 132 ), is thrown 
down when a solution of ]iotassiuin tantalum fluoride, KodhiTb, is boiled.' 
Powell and Schoeller ^ find this test imperfect, and ha\'c modified the 
procedure (based on the differential hydrolytic dissociation of oxalo- 
niobic acid and oxalo-tantalic acid in the presence of tannin in slightly 
acid solution) for the detection and estimation of traces of tantalum in 
nioliium com])ounds. 

The determination of tantalum by ordinary inethods of spectro- 
scopy‘s and by means of X-ray spectra- also appears to be ])ossiblc. 

Detection of Niobium a-nd Tantalum.^ . 

d‘hc detection of nioliium and tantalum; depends almost entirc;ly on 
the reactions given by niobic acid and tantalic acid. All the (tommoii 
niobium and tantalum conpiounds arc hydrolysed on being boiled in 
acid solutions, aiul yield precipitates of the rcsj)ectivc acids. XTitural 
minerals arc previously 1 ‘uscd with ])otassiuin hydrogen siil{)}iate, and 
the aqueous extract of tlie melt usually ])rccipitates the mixed acids 
^ IS 8 (), 53 , -13; compare* A\'ancji, ibid , moii, 94 , 21)S. 

Mi'tzLa'i’ a]i(l 'Taylorj Ch()n.. Xcu's, 11)09, 100 , 3.17, 370; (Olcs, d)id., 1909, 99 , 1 ; 
Todd, Ihid'. '/'o/'ordo Sljrdif'-"', (d’ol. S(u\, 193.3, Xo. K), pp. -10 -Id; J. (.'hem- TUr., JS-s., 193 1 , 
126 , j ii j, 307. 

Schoclli'i* and \\’aU'rlious(‘, 193-1-, 49 , 3Ld; c(jnij)arc .KicJil and l!ai*l, J. 

Aiii>‘r. ( hou. Soc., 1938, 50 , 1608. 

I'rcad Hdr. idnni.. Acin. 1933, 5' 733, 806. 
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spontaiieoiisly ; removal of other metals is efreeted by the methods 
deseribed on p. 124 ct seq. 

A. Wet Reactions. — (1) Both niobie acid and tantalie acid dissolve 
readily in hydrofluoric acid, but only very sliolitly in concentrated 
liydrocliloric acid and in hot concentrated sulphuric a(!id. Tlie residue 
from the Iiydrochloric acid solution of niobie acid, liowcvcr, readily 
forms a hydrosol on beino' triturated ^Yitll water. The suljdiuric acid 
solution of niobie acid remains clear on being diluted witli water, 
whereas the sulphuric acid solution of tantalie acid becomes turbid on 
being diluted, and reprecipitates the acid. 

(2) The hydrofluoric acid solution of niobie acid does not yield a 
ju’ccipitatc on the addition of potassimn fluoride (})otassiuni niobium 
fluoride, KgNl^F-, Avhicli is formed, being soluble in about 12-5 ])arts of 
water), whereas the hydrotluoric acid solution of tantalie acid yields 
colourless, rhombic needles of potassium tantalum fluoride, KoTafb 
(wliich is soluble in about 150 parts of water under the same conditions), 
when treated with a saturated solution of potassium fluoride, carci'ully 
evaporated and cooled slowly. After removal of the tantalum, and 
with further concentration, any niobium ])rcscnt separates in ])lates of* 
potassium luobium oxyfluoride, KoXbOF-.HoO, if the liydrolluoric acid 
is not in excess, and in needles of potassium niobium fluoride, KoNbFy, 
if the hydrofluoric acid is in excess. 

The potassium tantalum fluoride first ])recipitated is a fusible 
substance. Its aqueous solutions on being boiled ])rccij)itatc a very 
insoluble potassium tantalum oxyfluoride, 4 KF.Ta., 03 . 2 TaF- or 
K 4 Ta 405 Fi 4 , as a white powder. This reaction is stated to constitute 
a sensitive test for tantalum.^ 

(3) Hydrochloric acid solutions of pentavalent niobium com])ounds 
which are free from hydrofluoric acid, on being reduced with zinc, first 
become blue, and with further action of the reducing agent, olive-green 
or dark brown, according to the concentration of the acid and other 
conditions. The blue stage is not difficult to attain ; tlm brown stage 
is best attained by passing the solution througli a zinc redactor several 
times. The reduced solution precipitates white mercurous chloride 
from solutions of mercuric chloride. This reaction is giAum by 1 mgm. 
of niobium. 

Tantalum compounds in solution do not give a colour change on 
being reduced Avith zinc, and this test also serves to establish nioliium 
in the presence of titanium, Avhich produces a violet coloration.- 
Vanadium, molybdenum, and tungsten solutions, however, behave 
similarly to niobium, and these metals must, thereibre, be previously 
remoAmd. 

(4) When a solution of niobie acid in concentrated hydrochloric 
acid (2:1) is boiled Avith tin for some time, a deej) sa])phirc-blue colora- 
tion is obtained, Avhich fades on standing and is regenerated by looiling. 

(5) Addition of excess of jjotassiuni tliiocjjanafe to an alkaliiu^ solu- 
tion of a niobate, folloAved by zinc and concentrated hydrochloric acid, 
produces a golden-broAvn colour A\diich may be almost reel in the ])rcsencc 
of larger quantities of niobium. It is stated that neither tantalum nor 
titanium giAms any coloration under the same conditions.*^ Addition of 

^ Compare Powell and Sehoeller, Analy.';t, 1925, 50 , 495. 

- Compare Moir, loc. cit. 

2 Pennington, loc. cit. 
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potassium thiocyanate to a hydrochloric acid solution of tantalic acid or 
niobic acid yives a colourless solution. 

(0) P o lass i iL) )i fer roc. jjaiiide yields a yellow or reddish-brown precipi- 
tate with a hot solution of tantalic acid in hydrochloric acid ; niobic 
acid yives a reddish-brown ^ or greyish-yreen precipitate. 

(T) iZ'au/mi produces an orange-red or chocolate-red precipitate with 
an acid solution of niobic acid, and a yellow or light brown precipitate 
with acid solutions of tantalic acid. Pyrogallol and other polyliydroo'y 
derivatives of benzene behave similarly. 

(8) Addition of ammonium hydroxide or amnioniuni sidphide to 
solutions of niobic acid and tantalic acid in mineral acids reprccipitatcs 
the niobic and tantalic acids, which may, how'ever, retain some of the 
ammonia. This test does not distinguish betw^een niobium and tanta- 
lum, and it docs not proceed in the presence of tartaric acid. 

B. Dry Reactions. — When heated in the reducing tlainc a bead 
of microcosmic salt assumes a blue, violet, or browm colour w'ith 
increasing quantities of niobic acid ; the heated bead becomes red on 
the addition of ferrous sulphate. Witli tantalic acid under these condi- 
tions the bead remains colourless. 

Borax beads do not produce colorations either wuth niol^ium or 
tantalum. 

' >Ioir, loc. cit. 

“ Weiss and Landcckor, loc. cit. ; compare also Pennington (loc. cit.) on effect of 
presemee of fluorides. 
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NIOBIUM AND ITS ALLOYS. 

Symbol, Nb. Atomic Weight, 93-3 (0=16). 

Preparation of Aletallic Niobium. — The preparation of metallic 
niobium is not carried out industrially^ as there is no demand I’or the 
metal. Its laboratory prejDaration depends on the reduction of the 
pentoxidc. This is effected with dilliculty, firstly, because of the 
tendency for partially reduced products to be formed,^ and secondly, 
because of the tendency of the reducing agent, for cxamj)lc carl)on “ 
or aluminium,^ to combine or alloy with any niobium formed. 

One method of preparation consists in a modification of the Oold- 
sell mid t process. ATobium pentoxide is mixed with an alloy oi“ the 
rare earths, called mixed metal, obtained in the manufacture of thorium 
nitrate, and consisting roughly of 45 per cent, of cerium, 20 ])cr 
cent, of lanthanum, 15 per cent, of didymium,” and about 20 per 
cent, of other rare-earth metals. The reaction is carried out in a 
magnesia-lined crucible, and is started with a firing mixture oi‘ barium 
peroxide, potassium chlorate, and aluminium powder. Considerable 
evolution of heat takes place and the reduction is extremely ra])id ; 
a button of niobium is obtained ^ which, however, is not juirc. 

Carbon and aluminium were successfully employed as tlie reducing 
agents in the following special manner.^ Pure niobium pentoxidc was 
moulded into filaments about half a millimetre in diameter with the aid 
of a little paraffin, and these were reduced to the tetroxide by heating 
to whiteness for four or five hours in carbon powder. The filamcnls so 
o])taincd were then heated to whiteness in a vacuum by means of an 
alternating current, whereupon rapid reduction to tl)e ])urc niefal took 
place. In order to prepare larger quantities of nio])ium the ])cntoxide 
is first reduced with aluminium powder, and the product, w'hicli c(ui- 
tains about 3 per cent, of aluminium and some unelmngcd oxide, is 
heated in the electric arc in a vacuum until all the impurities a,re 
vaporised (a current of 185 amperes at 40 volts for fifteen hours is 
required for 20 grams of metal). Perfectly pure niobium obtained in 
this manner has been used for the investigation of the properties of Llie 
metal. 

^ Pvose, Pogg. Annalen, ]S5S, 104, 310. 

- .DeA'ille, Cowpt. rend., 1868, 66, 183 ; Moissan, ibid., 1901, 133, 20 ; Lar.sson, Z( itnch. 
anorg. Clithi., 1896, 12, 189. 

^ Marignac, CorngZ. rmd., 1808, 66, 180 ; Moissan, loc. cit. ; coinparo ( iojdsc.lnnidt 
and \'autin, J. Soc. Cktirh. Ind., 1898, 17, 543. 

^ AVeiss and Aiclicl, Annale%, 1904, 337, 385; Muthmann, A\eiss, and Riodcdbaiioli, 
ibid., 1907, 355, 04. 

^ von Bolton, Zeitsch. Ehktrochem., 1905, ii, 45; 1907, 13, 145. 
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Niobium pentoxiclc has been reduced to the metal b\^ means of 
hydrogen at 7 atmospheres pressure and at 1910° C.,'' and a fairly pure 
sample has been obtained by the action of luuirogcn on niobium 
pcntaehloridc at a red heat.- 

Colloidal Niohiivai.- — Sols of niobium have been prepared by sp<arking 
electrodes ol‘ the metal immersed in iyobutyl alcohol by means of an 
induction coil,^ or by reducing solutions of niobium salts with hydra- 
zine, formic acid or tormaldehydc in the presence of gelatose.^ 

Physical Properties of Niobium. — Niolhum is variously described 
as a dull grey,^ steel grey,‘’ or white metal with a yellowish tinge, gi^dng 
a silver-white fracture.^ The metallic lustre is remarkably permanent, 
and is not removed even by prolonged boiling with aqua-regia. After 
being fused in vacuo, rhombic crystals several millimetres long are 
formed.'^ The crystal structure of the metal has been studied. The 
density of the fused metal is 12*7 or 12*75 after being rolled into thin 
foil.’^ Other figures which have been obtained for less pure samples 
arc much lower, e.g. 8*T,^- 7*8, 7*06,^^^ 7*37.^’^' The hardness of the pure 
metal is about the same as that of wrought iron, and it will not scratch 
glass or quartz, but the presence of small quantities of carbon, alu- 
minium, or oxygen increases the hardness considerably ; a specimen 
containing about 3 per cent, of carbon scratched quartz easily It 
is not very brittle. It can be hammered into foil 0*05 mm. thick, and 
it is ])ossible, although difficult, to draw it into wire. It can be welded 
by hammering at a red heat.i^ 

TTie S]')ccilie heat between 21° and 100° C. is 0*071, giving 6*01. for 
the atomic heat, which figure is in conformity with the law of Dulong 
and Petit.-^^ von Bolton’s sample melted at 1950° C. in vacuo ^ but a 
more recent determination gave the melting-]:>oint as 1.700° C.“° 
Niol)ium displays weak paramagnetism.-^ The electrical resistance 
ol‘ pure niobium ware, 1 metre long and 1 sq. mm. cross-section, is 
0*1 cS 7 olun ; this ligure increases with rising temperature. The metal 
volatilises and scatters com])ara lively easily when made to glow in a 
vacuum, and is therefore unsuitable for use as the hlainent in electric 
lamps.-- 

Optical Properties. — The refractive index ol niobium is 1*80, the 

' \VnT'l,cn])uig, Bruy, a,nd .Bcinicku, KleJdrochMn., .1023, 29, 214; compare 

NewOurv and Bring, Pror. JioiJ. Poo., 101(>, A, 92, 270. 

■■ ('ln 'oi. Svirfi, !S78, 37, 25. 

•* Svudlu'ru, Per.. 100(1, 39 , j705. 

CrroKUi.' Pat. 2SI3U5 (1013) ; see also /Pig. Pnt. 25804 (lOOO) ; French Fat. 3/rd09 
(lOOli). 

•’ von l-iolt.un, lor. ell. B'rscuo, lor. nt. 

‘ MidJunaiui, W'ciss, and .Bvicalclbaucli, lor. rd. 

« \V(•i^s and Aiohel, lor. clL vun It.ltun, loc. rit. 

\'()n Ojshaiison, Zeitsrh.. Fri/sl. Mm., 102;), 6i, 103 ; Sunder, ibid , 1022-2.), 57> 01/. 

” vun l-lullon, loc. clt. 

Muthinann, Wddss, and Biedclbanch, lor. at. 

'3 Zmltmdi. physihal. (Jla-m., l{)V\,76 ^ 

Losc.ido, loc. at. Marignac, loc. cit. von .Bolton, loc. cit. 

Moissan, loc. at. 

vun Bolton, loc. cit. nuui- 

von Bolton, loc. cit. An earlier determination with an impure .specimen gave 0-Ubl / 

(Miuhmann, WAiss, and Liedelbaiieli, luc. cit.). , 

(iiK'rtler and Biraiii, Z( itscli. j'nr M cFniLn ndc, 1010, ii, L : 1920, I 2 , 0/. 

Lorinrr, Chan,. Narn, JOM, 109, 122; Ou'en, Ann. JFi/at, 1912, [iv], 37> 604; 
.ironda., ibid., 1010, [iv], 32, 1027 ; Moyer, W'led. Annalen, 1809, 68, 324. 

-- vun Bolton, he. cit. 
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coelAcicnt of absorption 2-U, and the reflexion capacity 41-3 per cent. 
Avlieii measured yellow liyht of wave-lcnyth A:^-5700.i 

Tlie arc s[)ectriiin of niobium has l^ecn measured in the repon 
A^2()0() to A--f)()0(), usiuy specimens of the pentoxide obtained from 
several niobium ores and a concave grating of 6 feet focus. “ The more 
intense lines arc tabulated in the following table : — 


ARC SPECTRUM OF NIOBIUM. 


Wave-length. 

Itelative 
Intensity 
of Line, 

IVave-lengtli. 

Relative 
Intensity 
of Line. 

Wave-lengtli. 

r 

Relative 
Intensity , 
of lane. 

1 261 8-5 

8 

3759-7 

10 

4275-3 

10 

2766-5 

10 

3781-2 

8 

4299-8 

10 ' 

2824-5 

8 

3787-3 

8 

4301-3 

10 

2868-6 

8 

3701-4 

8 

4311-5 

8 

2883-2 

8 

3798-2 

8 

4321-6 

8 

2961-3 

10 

3810-6 

8 

4336-6 

8 

2090-4 

10 

3825-0 

8 

4319-2 

8 

801()-9 

10 

3891-2 

9 

4351-8 

10 

3036-2 

10 

3914-9 

8 

4378-2 

8 

3039-8 

10 

3937-7 

8 

4437-5 

9 

3063-5 

10 

3966-4 

8 

4447-5 

8 

3094-3 

10 

4022-9 

10 

4523-6 

10 

3108-7 

8 

4032-7 

10 

4547-0 

8 1 

3130-9 

8 

4059-1 

10 

4564-7 

10 

3163-5 


4079-9 

10 

4573-3 

8 

3225-6 

8 I 

4101-1 

10 

4579-6 

8 

' 3247-7 

10 

4121-0 

10 ! 

4581-8 

8 

' 3271-1 

10 

4130-1 

8 1 

4587-2 

8 

1 3358-5 

8 

41 37-3 

10 i 

4661-0 

8 

' 3198-7 

8 

4139-9 

10 

4667-5 

10 

3554-8 

9 

4152-8 

10 

5079-1 

8 

' 3563-7 

10 

4163-8 

8 

5195-4 

8 ' 

' 3576-0 

8 

4161-9 

8 

5664-9 

8 

j 3580-4 

10 

4168-3 

10 

5665-8 

8 i 

f 3664-8 

8 

4191-1 

10 

5671-2 

10 

f 3698-0 

8 

4192-2 

8 

5838-8 

8 

( 3713-2 ' 

8 

4218-1 

8 

5900-7 

10 

3726-4 i 

8 

4229-3 

8 

6661-1 

10 

3740-0 ' 

8 

4262-2 

8 

6677-5 

8 


The arc and s])ark spectra in the ultra-violet region have also been 
photographed and measured.'^ The spectral structure of niobium 
resembles that of vanadium, and various regularities liavc been dis- 
covered in it.^ In order to be al3lc to establish s])eetrogra])liically the 

‘ W'artr-iiboi'V. Verl/, DciUi. physih-.al. Ccs., 1910, 12 , lOS. 

- Hikloln'and. A'nicr. ('hi-in. Aoc.., 1908, 30 , 1672. 

•' Mebonnan and Liagott, Trans. Toy. Tor.. Canada, 1920, 20 , 377. 

J;K:k, Pror. Hoy. Irish Arad., 1912, A, 30 , 42 ; Paulscni, Physical. ZcitscJi., 1916, 
16 , 362 ; 6 If;gn(:-rs, J. W ashinaton Arad. Tri.. 1924, 14 , 442 ; Meggers and Kiess, J. Optical 
Soc. A'mcr., 1920, 12 , 417 ; Laporte, ibid., 1926. 13 , 1. 
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presence of traces of a foreign element in a substance, de Gramont 
detei’inined which of the lines in the speetruni ]:)roduecd by a con- 
densed sjjark discharge arc the last to appear as tlic cpiantity of foreign 
element is gradually reduced. These are not necessarily the most 
intense lines in the arc or spark spectrum. The wave-lengtlis of the 
ultimate lines given by niobium in this manner with a crown Uvioi 
glass spectrogra])h are : ^ 4101*0, 4079*7, 4059*(), 3858*4, in Angstrom 
units. 

Eder and Valenta^ have measured a large number of lines in the 
flame spectrum given by niobium pentoxide between carbon electrodes. 
TJie flame S]:>ectrum of niobium between carbon electrodes consists of 
a blue cone with a yellowish-green shell. ^ The band s]3ectrum of 
niobium is composed of a very large number of lines which are com- 
paratively sharp but not strong. 

The X-ray spectra of niobium have been investigated.^ Aston was 
unable to obtain a definite mass spectrum of the metak^ The arrange- 
ment of the electron groups in the atom has been considered by Lessheim 
and Samuel.^' Niobium is not radioactive.' 

Chemical Properties.^ — When heated in hydrogen, pure, fmel}^ 
divided niobium is converted into a dark grey powder containing a 
maximum of 1*12 per cent, of hydrogen, which corresponds to a hydride 
Xbll. An im]3urc sample of niobium absorbed 7*5 per cent, of its 
weight of hydrogen at a red heat. Niobium docs not tarnish in the 
air at ordinary temperatures. When a compact piece of the metal is 
gradually heated in air it first becomes yellow, then blue, and finally 
becomes coated with a brownish-blue film of* oxide which banders further 
oxidation ; the finely divided metal yields the ])cntoxidc only slowly 
when strongly heated in air or oxygen. The glowing, finely divided 
metal decomposes water vigorously, with evolution of In'drogcn. Heated 
in nitrogen at IGOO"^ C. it becomes coated with a nitride. Filings of the 
metal decom])osc ammonia at a red heat with formation ot a nitride 
wlu’ch yields ammonia and niobic acid with caustic ])otasl3. The metal 
is attacked by chlorine at about 200° C, with formation of the ]3cnta- 
chloridc ; bromine gives the ]3cntabromide at higher temperatures ; 
iodine is without action.-' Sul|)hur and selcinum are absorbed with 
eonsidcra])lc evolution of heat and the formation of a. black sulphide 
or seleiiidc. Tim ]3urc metal is insoluble in s\dj)huric. acid, hydrochloric 

^ d(i (d'amunt, Coni/pL revd. 1920, 171, J 100 ; Jicrua da M tldllu 1022, 19, 20; 
Twv'man, Wavc-laiujLk T-ctblas for ^'peclrmti /IvcJv/n/.v (Adiini Milg(a', Ltd., London), 102,3, 
81. ‘ 

“ Ldcr and Valcnta, SilzvAigabcr. K. Alcad. ILL-v. Wiev, 1010, 119, d.tO. 

^ Mott, Trans. A mrr. Electroclicrii. Aoc., 1017, 31, 272. 

’ TJk' examination of the X-j-ay .s])ectr;i a,nd the heai in^u of t ine r'e>ulls on tlie .stnieturc' 
of the niohiiini atom and atoms of inany other imdais has Ixa-n r('\'i('\ved hy ('ostf'r [Thil. 
Mag., 1022, 43, 1070). Moi-e recent measurements of the K, L, ami Al series of the 
X-ra.y .spf'Ctra are givcm in tlie ])a])(‘rs cited. K s(‘ri(‘.s : Lddia ('o)N.jit. roid... 102“), 180, 
1203 ; Zrilsch. Tligsil', 1020, 39, tiSti ; Schror, ^-1 //.//. P/ii/sii-, 1020, 80, 207 ; scs' also .Vloseh-y, 
Pf/ll. Mag., 1014, jvij, 27, 708. L .s(‘rie.s : Coster and Al aider, Zcllsc/i. JdipsiL-, 1020, 
38, 204: S('e also Lriman, PhiL Mfai., 191(5, [vi |, 32, 408. M serii's : 1 )au villier, Covi.jiL 
no/L, 1020, 183, 103. 

AstoTi, Phil Mag., 1924, [vi], 47, 385. 

'• Lessh(4m ;ind Samuel, Zc/Prh. Jdi.g.sih, 1020, 40, 220. 

■ Strong, Ava-r. Chcr/i.J.. 1 OOO, 42, 147; compare Levin a.nd ILiei-, JA/gsihal. Zeifsch.. 
1000, 10, 570. 

^ \ \ ' • - _ , . 1 \ W I . _ 1 7 . .:t A r . - 1 \ X - • . 1 I ^ • I 1 I _ . I 7 . *1 _ . - 
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acid, nitric acid, and aqua-regia, but it is attacked by these acids when 
it is alloyed with other metals. It is slowly dissolved by hot hydro - 
(luoric acid, more rapidly in tlie presence of ]>latinuin. Alkali solutions 
arc without action on niobium, but the metal is converted into a niobate 
when fused with solid caustic potash, potassium carbonate, etc. Carbon 
dioxide, sulphur dioxide, phosphorus pentoxide, arsenic pentoxide, 
chromium sesquioxide, iodic acid, lead oxide, and mercuric chloride 
are all reduced by niobium when heated with it at high temperatures. 

Electromotive Behaviour, The electromotive behaviour of 
niobium is of interest in that it is considerably influenced by cathodic 
and anodic polarisation. On being immersed in concentrated caustic 
potash solution or in 10 per cent, ammonium hydroxide, or on being 
made the cathode in the electrolysis of water, caustic potash, or am- 
monium chloride for a few minutes, the metal is activated and its 
potential towards normal potassium chloride increases. On the other 
hand, on being immersed in concentrated nitric acid, chromic acid, 
perchloric acid, potassium permanganate, or thiocyanic acid, or on 
being made tlie anode in the electrolysis of water, potassium cyanide, 
chromic acid, or hydrochloric acid, the metal becomes passive and the 
potential drops to a remarkable extent. Anodically polarised niobium 
displays valve action (see p. 178) to a pronounced degree. A 
specimen of niobium which was not very compact (the valve action 
varies with the degree of compactness), when used as the anode in from 
1 to 5 per cent, sulphuric acid, gave only a momentary current witli an 
applied E.M.F. of 112 volts. There was a slight evolution of gas, and the 
electrode became covered with a greenish-yellow or iridescent blue film 
which was insoluble in the common acids, but was dissolved by hydro- 
fluoric acid or on making the metal the anode in nitric acid. In an 
electrolyte consisting of a 0-1 per cent, solution of ammonium phosphate, 
the E.M.F. necessary to overcome the insulating effect of the oxidc-gas 
la^mr on the metal is no less than 530 volts. Valve action has also 
I'jeen observed with a large number of other electrolytes. In the cases 
of hydrochloric acid, sodium chloride, nitric acid, sodium nitrate, 
acetic acid, potassium bromide and potassium iodide, the anode is dis- 
integrated and dissolves with formation of the pentavalcnt niobium 
compound, followed by precipitation of niobic acid ; hydrofluoric acid 
acts similarly, but niobic acid is not precipitated. 

The valve action displayed by niobium renders it useful in the 
construction of electrolytic cell '' rectifiers.’' An alternating current 
does not pass through 10 per cent, sulphuric acid wlien both elec- 
trodes are made of niobium even at a pressure of 120 volts ; if one 
of the electrodes is substituted for platinum a unidirectional current 
is produced.- 

Atomic Weight of Niobium. — ^The first determinations were carried 
out by Hermann ^ and Bosc,^ but these are now only of historical interest. 
In 1864 Blomstrand ^ analysed niobium pentachloride but obtained 

^ Muthmami and Lrauenberger, Sitzungdber. K. Bayr. A had. Mimidi, 1004, 

[ii], 221; Schulze, Aivn. FJtys., 1908, 25 , 775; Sborgi, Oazzatta., 1912, [ii], 42 , 331 ; Kiehi 
and Hart, J . Amtr. C/iem. Soc., 1928, 50 , 2337. 

- von -Bolton, Zeitsch. EleMrochem., 1907, 13 , 145. 

^ Hermann, J. prakt. Cham., 1856, 68 , 73. 

^ Hose, Fogg. A'nnalen^ 1858, 104 , 439. 
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discordant figures. They were all higher than the atomic weight of 
molybdenum, the next higher element in tlic periodic system, and it 
seems certain that Blomstrand’s material was not free from tantalum. 

In the following year Marignac ^ publislied the results of about 
twenty very carefully conducted analyses of potassium niobium oxy- 
tluoride, 2KF.NbOr3.IT2O ; from his data the following figures for the 
atomic weight of niobium can be calculated:^ 


( fj\ 

2[2KF.Nb0F3.1l20] 

100 


NbXs 

“44^0 

(0 

2KF.NbOF3.H2O 

K2SO, 

100 

“57-82 

(0 

NboOj 

44-86 

K0SO4 

57-82 


hence Nb — 93-87. 


Xb=-r94-]0. 
Nb = 98-70. 


Marignaefs material contained traces of titanium, arid Ire therefore 
assumed tliat tire higher limit would most probably be tlie more correct, 
and accordingly suggested an atomic weight oi‘ 9L This figure was 
coiilirmcd by Marignac is analyses of niobium ])cntac]rloride and was 
acce|)tcd until 1908, when Balkc and Smith ^ redetermined the ratio 


2NbCl5 

NboO^’ 


using material of more reliable jrurity. The jrcirtacldoride w’as decom- 
posed Iry Avater with the aid of a small (juantity ol' nitric acid, and the 
oxide so yiroduccd was ignited and weiglu'd. Tlie mean of nine cxjieri- 
ments ga\'e tire ratio 

2NbCl3 

NboO/- ' iD-dOa' 

This gives an atomic weight of 98-52, which is in harnrony with the 
vapour-density determinations of niobium pcaitachloridc and niobium 
oxychloride carried out ])rcviously fry Bevillc and Troost.'^ In 1915 
Srnitli and Vxrn llaagcn criticised the foregoing method on the 1‘ollowing 
grounds : (a) The pentachloride used may Iravc contained traces of 

oxydiloridc ; (b) the residual oxide may have retained traces of clilorine ; 
(c) slight loss of niobium may have occurred. Irecause niobium ])cntoxide 
is volatile in luxirogen chloride. These investigators obtained an 
a])]rrcclably lower figure, using a totally dilfercait method. Bure 
sodium metaniobate was decomposed Iry sulphur monoehloridct vapour 
aird the residue of sodium chloride was weighed, the niobium beiirg 
ex])ellcd cither as chloride or oxychloride. Seven experinumts gave 
the mean ratio 


XaNb03_2-8()759 
XaCl ~ "~I 


whence Xb = 98-12. 


^ MariL^Tian, A / rh. Scl. phjj’''-. Hdt., 18(35., [li], 23 ; A nn. Chim. Phijfi., 1 800, [ iv], 8, 1 0, 28. 

- IMie fiind;ini(“iilal values set out on ]). viii ol the General I ntrodiietion 3iav(; btsui 
list'd. The same fundamental values liave been engiloyed in tlie I't'caTmlalion of the 
siibsiaiuent valiums for the atomic weiydit of niobium mentioned in this section. 

^ Bilke and Smith, J. A rn.ar. Cheni. Poc., J 90S, 30, 1045. 

Uttville and Troost, Conipl. rend., 1805, 60, 1221 ; 18()3, 56, 801. 

^ Smith and Van Haagen, J. Aomr. Cham. Soc., 1915, 37, 1783. 
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The values for the atomic weight of niobium as determined by the 
various investigators since 1804 arc summarised in the following table : — 


ATOMIC WEIGHT OF NIOBIUM. 


Autliority. 

Bate. 

Katio Determined. 

Aumber 

of 

Experi- 

ments. 

Atomic 

Weight. 

Blomstrand 

1864 

2 NbCl 5 /Nbo 05 

11 

96*23 



y^hCl^loAgCl 

6 

99*10 



NboOs/lOAo-Cl 

6 

97*46 

Marignac 

1865 

2 [ 2 KF.Nb 0 F.,.Il 201 /Nb .,03 

20 

93*37 ' 



2KF. XbOrJ.H ,0 / k 2S6 .1 

20 

94*10 1 



Xb205'Kr,S04 

20 

93*70 

Balke and Smith 

1908 

2 XbClyXbo 05 

9 

93*52 1 

Smith and Van 

1915 

XaXbOa/XaCl 

7 

93*12 ' 

Haagen. 



1 



The value 93*1 was adopted in 1916 by the International Committee 
on Atomic Weights ; this was altered to 93' 3 in 1929. 


Alloys. — Investigation into the formation of alloys' of niobium with 
other elements has hitherto been scanty, and even where alloying is 
known to take place the conditions for the alloy formation and the 
properties of the products have received little attention. Niobium 
appears to alloy with iron in all proportions ; the alloy containing 90 
per cent, of iron and 10 per cent, of niobium is extremely hard.^ Nio- 
bium, usually in coniunction with tantalum because of the diniculty of 
their separation, can be used for incorj^oration into special steels. “ 

Aluminium-niobium alloys are best produced by the Goldschmidt 
process. A product which contains about 3 per cent, of aluminium is 
harder than glass or quartz ; its density is 7*5.^ A brittle alloy of 
chromium and niobium is obtained by fusing green chromium oxide 
and niobium together in the electric furnace.'^ 

Alloys of niobium and tantalum with nickel and zirconium have 
also been prepared.*'^ It is claimed that the latter can he heated to 
whiteness in air without oxidation or vaporisation. 

Potassium, sodium, magnesium, and mercury can be distilled over 
niobium without formation of alloys; arsenic, antimony, and tellurium 
do not form alloys below 500° to 600° C. 

' von Bolton, loc. cit. 

~ J-hitisli Pal. 152371 (1918). 

^ ( Joldschmidt and Vaulin, J. Chein. Trid.. 1898, 17, 543 ; von Bolton, loc. cil. 

^ Moissan, Co//ipt. rend., 1901, 133, 20 ; Bull. Soc. chiin., 1902, ilii ), 27, 431. 

5 Canada Pats. 209342, 214118 (1921) ; U.S. Pat 1334089 11920). 
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COMPOUNDS OF NIOBIUM. 

General. — The com])ounds of niobium are not so numerous as those of 
vaiiaclium. The Jbllowing oxides,^ Nbo 03 , NbOo, Nb/) 3 , are known, 
but only tlie ])cntoxidc gives rise to salts, viz. tlie niobates.- The aeid 
character oT niobium pentoxide or “niobic acid” is very weak; tlic 
iiiobates arc deeom])osed, for instance, by carbon dioxide, and are 
readily hydrolysed to the pentoxide. Niobic acid is, in fact, very com- 
parable in its method of preparation and behaviour to silicic acid and 
stannic aeid. 

Reduction of pcntavalcnt niobium compounds in acid solution with 
zinc yields solutions which appear to contain the niobium in the tetra- 
valent state and probably also the trivalent state. The solution iirst 
becomes blue, then olivc-green, ajul finally dark brown. Reduction of a 
boiling, dilute solution of niobic aeid in concentrated hydrochloric or sul- 
plmric aeid may yield the brown solution immediately. The course of 
the reaction is considerably affected by such conditions as the acidity of 
the solution, the reducing agent employed, the })hysieal condition of the 
reducing agent, and the presence oi' foreign su])stances. The final 
stage of the reduction can usually be dc])cndcd on as being only ap})roxi- 
mately trivalent (sec ]). 181). Electrolytic methods of reduction, using 
platinum and amalgamated lead electrodes, have also been cjuploycd.'^ 

The blue solutions gradually precipitate brown flakes, which arc 
thereafter slowly con^'ertcd into white niobic aeid. Similar brown pre- 
cipitates arc obtained by the addition of ammoniiuTi hydroxide to the 
brown solutions. iMarignae'^ concluded from the amount of potassium 
permanganate rccpiired to oxidise the brown preei])ita te that its composi- 
tion was Nb.jO-^, which can be alternatively written Nb0.2Xb02. This 
forninla cannot, however, be dclinitely acce[)tcd, as the experimental 
data do not exclude the ap{)roximate empirical formula Nb 304 >, from 
which it would follow that the brown ])rccipitate is composed of niobium 
sesquioxidc together wdth small pro|)ortions of unreduced ])ent()xide. 
The blue solution functions as a powerful reducing agent, and will, for 
instance, prc^cijiitate eo})per from co])per sulphate solution, and generally 
is a stronger reducing agent than trivalent titanium solution. On being 
evaporated in ractio it leaves a dam]) blue mass, which on being dissolved 
in eonecntratc'd hydrochloric, acid and treated with ammonium chloride 

^ Tiu‘. (‘xisloiii'C of llu' <)xi(l<‘ NbO is (l()ul)i.ful. 

“ 'Vhc- naliifcil ores calk'd iiiobilos consist of nlobalcs. 

Stcililc'r, J-Jer., 1914, 47 , 84 L ; Olt, Zcit-sch. Elchtrochcuh., 1012, 18 , 349; Kiehl and 
Hart, J. A jDe.-r. Cfit'iti. Soc., 1928, 50 , 1614. 


14-2 


VAXADIIBT, XlOBimi, AND TANTALUM. 

gives a precipitate of '' niobium blue,” very similar in a])})caraiiee to 
molybdenum blue.” ^ No deilnite salts have lutJierto been isolated, 
however, from reduced niobium solutions, but an anv'inoiiuni niohiuDi 
sulphate, Avhich has the probable rormiila (NIT4)2S04.Nbo(S04)3.Gir20, 
and an acid aminonium niobium sidphate, (XI-l4)oS04.Nb2(S04);3.H2S04. 
6II2O, liave been prepared. The halides of niobium are devoid of 
saline character. 

Niobic acid displays a much less pronounced tendency than vanadie 
acid to form heteropoly-compounds witli other acids, but oxaloniobaies 
are known. It reacts ^Yith hydrogen jmroxidc to form 2^^^'^dohic acid, 
IlNb04..TH20, salts of which are known. The double niobium oxy- 
lluoridcs also take up active oxygen. 

Niobium and Hydkogen. 

The absorption of hydrogen by pure metallic niobium under different 
conditions of temperature paid pressure has not been inx estigated. An 
impure sample absorbed 8 per cent, of hydrogen after fifteen hours’ 
exposure to the gas at a high temperature.- In another experiment 
a substance of empirical formula 5 sbH was obtained. This substance 
has also been prepared by fusing ^lotassium niobium fluoride, K2NbLL, 
with potassium fluoride (which has the effect of rendering tlie subsequent 
reaction less violent) and then reducing the pi'oduct with sodium by 
heating strongly in a wrought-iron crucible. The excess of sodium is 
distilled off and the residue extracted repeatedly with water, and finally 
with w’ater containing a small quantity of hydrofluoric acid. The 
hydride is left behind as a black or dark grey powder.^ Its density 
varies from 6-0 to 6-6.^ The specific heat of the hydride a])])cars to 
decrease with increase of temperature ; an impure sample gave the 
value 0*0834 between O'’ and 440 ^ C.® It resembles the metal in 
that it is insoluble in hydrochloric acid, nitric acid, dilute sulphuric 
acid, and aqua-regia, but it is attacked by concentrated sul]huiric acid, 
hydrofliioric acid, and molteii potassium hydrogen sulphate. On being 
heated in air it burns readily with incandescence to niobium ])entoxide 
and water. It is scarcely affected by being lieated in hydrogen, but 
it reacts with sulphur to form a black sulphide, and witli chlorine and 
hydrochloric acid to form various niobium chlorides. 

Other niobium-hydrogen compounds or alloys of doubtful com- 
position have been obtained by reduction of niobium oxy trichloride, 
NbOClg, with hydrogen," and by using metallic niobium as the cathode 
in the electrolysis of dilute sulphuric acid.^ 

Niobium and the Halogens. 

The halides and oxyhalides of niobium are set out in the following 
table : 

1 See thiy series, Vol. VTI., Part III. (]92()), p. 1,41. 

- Miithniann, W'eiss, and Ki('d(dl)aiich, Annalv/i, 11)07. 355 , !I 0 . 

\'(jn Bolton, ZriUrh. /'Jb Hrochc/n., 1907, 13 , 1J.7. 

Mani^niac, ComjjL. rend, 18(58, 66, ISO. 

^ tvriiss and Xilson, Ofrern. K. I’ct.-Abid. Fur/i., 1887, Xo. 5: Unr., 1887, 20, 1(591; 
compare R.oscoe, Chem. yei.rn, 1878, 37, 25. 

Kruss and Xilson, loc. cit. 

■ Blomstrand, Acta Uniu. Land, 1SG4 ; Roscoc, loc. cit. 

^ von Bolton, loc. cit. 
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HALIDES AND OXYHALIDES OF NIOBIUM. 


Va lency. 

Fluorine. 

, Chlorine. 

Bruiiiine. Iodine. 

‘‘ Di ’’-valent 

XbsCli,.7H,0 

XbAli40H),.8H.,0 

XbsCIioBiv.rH^O" i 

Tri valent 


NbCl^ 

j 



i Xb,>Cl^(OH),.5inO 




1 Xb,CI.)(0H)3.3H,,0 

1 

Pentavalent 

NhF^ 

' XbClj 1 

NbBiy 


NbOF. - 

1 



Xl)0.,t' - 

NbOCl3 

NbOlhy 


Tlic ])cntavalciit lialidcs and oxyhalidcs, as in the case of otlaer 
niobium com])ounds, arc the most stable. It is remarkable that the 
})enta\'a]ency is maintained with increase in the atomic weight of the 
halogen. All the halogen compounds arc characterised by their ready 
tendency to undergo hydrolysis on thc^ addition of water or even in 
dam]) air with })rcci])itation of niobic acid and formation of the hydrogen 
halide. Tiicir preparation can, tliercfore, be effected only in the dry 
way: {a) synthetically, or (/;) by the action of chlorine, carbon tetra- 
chloride, or sulphur monochloride on the oxide or sulphide. They do 
not ])osscss saline properties, and cannot be prepared by the action of 
the lialogcn acids on the oxide. 

Definite com])ounds of niol)ium and iodine are unknown, although 
tantalum pentiodide and vanadium tri -iodide liavc been prepared. 

The divakait cliloro-compounds are probably more correctly repre- 
sented as chloronio])iiJm acid, lINbXly.dlUO, and its dcriAntives, in 
analogous manner to clilorotantalum acid, nTa3Cl7.4lT20, the com- 
2 )osition of which has recently been reinvestigated. 

Niomru and Fr.iTORiXK. 

Niobium Pentafluoride, NbF-, is tlic only known compound of 
nio})ium and lluorine, and even tliis cannot be obtained in the free state 
})y a wet method })eeausc oJ' the extreme readiness with which it 
hydrolyses. Niobium ])entoxide dissolves readily in hydrolluorie acid, 
but evaporation of the solution leaves a residue of the unchanged oxide. 
Niobium pen talhioride lias been 2 )rcpared synthetically ^ by passing 
dry lluorine over the gently lieated metal coiitained in a l)oat in a 
])latinuni tube. The ])r()duet is freed from ])latinum tetralluoride, a 
little of which is formed at the same time, by distillation in vacuo at 
1 {)()'' to 110'' C. An alternative method consists in treating niobium 
])enta(‘hloride with anhydrous l\ydrogen fluoride in a freezing mixture 
and purl lying by redistillation.- 

Does not (SKist, in tlic free state. 

1 Ruir and Zcdrier, Bcr., 1909, 42, 493. 

“ Bull and Schiller, Zeitsch. anorg. Chejn., 1911, 72, 329. 




144 


VANADIUM, NIOBIUM, AN14 TANTALTOI. 


Niobium peutafluoride forums colourless, highly refractive prisius ; 
density 3-29:32 at 18° C. It melts at 75-5° C-, and boils at 21 7° to 220° C. 
under a pressure of 760 mm. of mercury. It is extremely hygroscopic 
and deliquesces rapidly in air. It is reduced by hydrogen at 236° C. 
in contact with ])latinum to an uiistabie lower blue fluoride. Excess 
of concentrated alkali hydroxide or alkali carbonate solutions attack 
it with formation of the alkali niobate. It dissolves in toluene, paralfin, 
carbon bisulphide, and other organic solvents. 

Double Fluorides of Niobium Peutajluoride. — Niol^ium ])entanuoride 
shows a strong tendency to form stable double fluorides with the 
fluorides of other metals. Tliese are conveniently prepared hy the 
action of carbonates of the metals on solutions of niobium pentoxide 
in a large excess of hydrofluoric acid, or by the addition of a large 
excess of hydrofluoric acid to solutions of the oxy fluorides of the metals. 
In the absence of excess of hydrofluoric acid hydrolysis takes place 
as usual with the formation of niobium oxytrifluoridc, XbOF3. The 
precipitation of these double lliiorides indicates the probable existence 
ill solution of niobium peutafluoride ; stability is imparted by the 
formation of complex anions containing several fluorine atoius. 

When A'iewed from the point of view of the Werner co-ordination 
theory, it is observed that the co-ordination number seven is frequent 
in the double fluorides as well as in the niobium oxyhalidcs. Many 
members of the scries 2R’F.NbF5 or [NbF^JRo? series 


2R*X.NbOX3 or Nb q^JR 2, arc known, where R represents a metal and 

X is Quorine, chlorine, or bromine. The co-ordination numbers six and 
eight also occur, but less frequenthq thus : CsF.NbFr, or [NbF^j’JCs, 

and 3 NH 4 F.NbOF 3 or i Nb^'](NH 4 ) 3 . The change in the co-ordination 


number can be seen in the double ammonium oxyfluorides : 


NbOFg or 
NbOFg or 


Nbg^](NH,) ; -iXH^F.NbOFa 

(NVi) 3, all of which are known. 


XbJj^](Nir,), ; 


ADq 


NI14F. 

3XII4F. 


The following double fluorides of niobium have been jireparcd : ^ 
Ammonium Niobium Fluoride. — (See below under Potassium Niobium 
Fluoride.) 

Cadmium Niobium Fluoride, 3XbF3.5CdFo.5HF.28Il20 or Xb3Cd5F25. 
5HF.28H2O, is obtained in long, transparent prisms by the action of 
cadmium carbonate on a solution of niobic acid in concentrated hydro- 
fluoric acid. It is insoluble in water. 


Cccsiuin Niobium Fluoride, CsF.XbF^ or CsX’blq^, is o])taincd in hue 
needles by repeated crystallisation of cicsium nio})ium oxylhioride, 
CsgXbOF^, from hydrofluoric acid.° Another caesium niobium fluoride 
having the probable composition 7CsF.XbF3 or Cs^Nbl^^ has been 
prepared by the action of a solution of emsium hydroxide in hydro- 
fluoric acid on niolhe acid in the same solvent."^ 

Cobalt Niobhun Fluoride, :3XbF5.5CoF2.5riF.28IIoO or XboCo^Foj. 


^ Marignac. Ann, Chirn. Phy-';., 1866, [iv], 8, 19, 68; Santesson. PnU. Soc. chirn.^ 
IS75, [ii], 24, 88, 67. 

- Balke and Smith, J. Amer. Chein. Soc., 1908, 30, 1637. 
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oHF. 281-100, forms dark red, prismatic crystals, which are prepared 
similarly to the corres]:)ondino' cadmium salt. 

Co'p'per Niobium Fluoride, NbPk,2CuF2-i^^^*^^^20 or NbCuFc^.lIF. 
911 oO, forms laro'e, dark blue crystals, which arc obtained similarly to 
the cadmium salt. 

Ferrous Niobium Fluoride, 2XbF5.:3FeF2.11iF.19HoO or NboFc3F^6. 
4llF.19lloO, is obtained in greenish-yellow, thin ])risms by dissolving 
iron and niobic acid in equivalent proportions in hydrolluoric acid. 

Manganese Niobium Fluoride, 8NbF5.5MnFo.5llF.2SlIoO or 
Xb3Mn5Fo5.2SHoO, forms rose-coloured, long prisms, which are obtained 
similarly to the cadmium salt. 

Mercurij Niobium Fluoride, X^bF^.^HgFo.SlloO or Xblfg3F^3^.8H20, 
is obtained by dissolving mercuric oxide and niobic acid in hydro- 
diioric acid. Concentration of the solution after removal of mercuric 
fluoride yields a white mass wdiich consists of aggregates of short pris- 
matic needles. 

Nickel Niobium Fluoride, 2XbF5.8XiF2.ldIF. 1911 oO or XboXi^lq^. 
4nF.19li20, forms tliin, green needles wdiich arc pre])ar(‘d by dissolving 
equivalent quantities of niobic acid and nickel carbonate in hydro- 
fluoric acid. Concentration of the mother-liquor gives dark green, 
fiat prisms of the composition 8XbF5.5XiF0.0IIF. 2811 oO or Xb3Xi5Fo5. 
5IIF.28H2O. 

Potassium Niobium Fluoride, XbF5.2KF or KoXl)!^'-, is obtained by 
cooling a concentrated solution of potassium niobium oxyfluoridc, 
XbOF.j. 21x111100 or KoXbOlb.lFO, in liyclrodnoric acid. It forms 
small, glistening, rhombic needles, a : b : c^()-0r)82 : 1 : ()-4(>09. It is 
isomor])hous witli the corresponding tantalum, salt l)ut not witli ])otas- 
sium titanium duoridc,^ KoTiF^, and hence is used in one method for 
the separation of titanium from niobium and tantalum (see p. 128), 
It is stable at 100° C.*, but loses hydrogen fluoride at considerably higher 
temperatures. In damp air it is slowly converted into the oxyfluoridc, 
K2N'bOF5. Its solution in hot water precipitates the hydrated oxy- 
lluoride, K2Xb0F5.1l20, and leaves an acid solution. “ 

Tlie corresponding sodium niobium fluoride is unknown, .i/n- 
}}}onium iiiobiuni fluoride cannot be prc])ared in the pure state because 
hydrolysis takes place even in tlic presence of* excess of hydrofluoric 
acid. A solution of ammonium niobium oxylluoride, dXll.^F.XbOF.^, 
in hydrofluoric acid ])rccipi tales tlic double salt 2X.Il,jF..XbF5.XH4F. 
XbOF.j or (XICj3XbFg.XbOF3 in masses of small ])risms. 

Rubidium Niobium Fluoride, llbXblg; or llbF.XbL^h, is obtained by 
repeated crystallisation of rubidiimi niobium oxylluoride, Rb2XbOF5, 
from hydrofluoric acid.’^ The double salt llboXbPk or 2llbF.XbF5 has 
also been rc{)ortcd.'^ 

Zinc Niobium Fluoride, 8XbF5,5ZnF2.5il.F.28l I oO or Xb3Zn5F25. 
5IIF.28II2O, is prepared in long prisms by dissolving zinc and an 
equi\'alcnt quantity of niobic acid in hydrofluoric acid. 

Oxyfluorides.~Two oxylluoridcs of niobium ha,ving the composi- 
tions XbOF3 and XbOoF are known. The former has been obtained 
in small crystals by the action of hydrogen chloride on a fused mixture 

> itiill, J. Anur. Cham. Soc., 1004, 26 , 1210. 

“ mnr and Schiller, loc. cil. ; Mcizoner, Bar., 1913, 4 ^, 9S3. 

Balkc and Smith, loc. cil. 



146 


VANADIUM, NIOBIUM, AND TANTALLDI. 


of niobium ])entoxide and calcium fluoride at a red lieatA The existence 
of tlic latter lias been recognised only in double salts with potassium 
fluoride ; it has not been isolated in the free state. 

Double salts of niobium oxytrifluoride, NbOFo, are obtained by the 
action of fluorides of the metals on solutions of niobium pentoxide in 
hydrofluoric acid, excess of the latter being avoided, otherwise the 
double fluorides are produced. These salts are much more stable 
than the double fluorides of niobium and other metals, and are, in fact, 
among the most stable of the pentavalent niobium compounds. The 
double oxyfluorides which are most readily prepared possess the general 
formula 2R*F.Nb0r3..TH20, where R* stands for a monovalent metal. 
Recry stallisation of double oxyfluorides having other compositions fre- 
quently yields salts of this type. These facts indicate tlic existence of 
a stable, divalent, complex anion of constitution [XbOhU]", the stability 
of which is confirmed by the great difficulty that is experienced in 
the electrolytic reduction of solutions of potassium niobium oxyfluoride, 
K2Nb0F5.H20.- It is of interest to note that double ox\ffiuorides 
of vanadium, tantalum, and molybdenum having similar compositions 
are also known. Double oxyfluorides of the alkali metals react with 
hydrogen peroxide to yield alkali niobium loeroxyjluorides^ which arc 
described on p. 168 . 

The following double oxyfluorides of niobium, or fl.uoroxyniohates^ have 
been prepared : ^ 

Ammonium Niobium Oxyfluorides. — The following are kno^vn : 
XH^F.NbOF.^ or 5N11 .SNhOl\Jl oO or (XH^)-,. 

Xb 3O3F1 4.1-1 2b ; 2XH4F.XbOF3 or (XI-r4)2XbOF5 ; Shsll JAXbOl^^^ or 
(Xll4)3XbOF6. Of these, the compound 2X"H4F.XbOF3 is the com- 
monest, and is readily prepared by the action of ammonium fluoride 
on a solution of niobium pentoxide in hydrofluoric acid. It behaves 
similarly to the corresponding potassium salt (see next ])age), but is not 
isomorphous with it. It is isomorphous with ammonium tungsten 
oxyfluoride, 2XII4F.WO2F0, and forms rhombic bipyramids in which 
a : b : e = 0*4184 : 1 : 1 * 0058 . It can be heated to 170 ° G. without loss 

r F ~ 

in weight. Its co-ordinated formula is XbQ^ (XIT4)2. 

By using excess of niobium pentoxide in the last preparation the 
compound 5XH4F.3Xb0F3.I-l20 is obtained. This is also very compar- 
able in its behaviour to the corresponding potassium salt. The motlicr- 

liquor yields green crystals of composition XIl4F.XbOF3 or XbQ^ XII4 
on being evaporated. If excess of ammonium fluoride is employed, 
crystals of the compound 3XIl4F.XbOF3 or j^XbQ‘^~|(XH4)3 are pro- 
duced. All these double ammonium oxvfluorides can be heated to 


100° C. without undergoing decomposition. 

C cesium Niobium Oxyfluoride, 2Cs.F.XbOF3 or Csfl\bOh\ or 

I prepared similarly to the corresponding potassium salt 


(see below). It forms trigonal crystals. 


^ July, Conipt. rend., 1875, 8 i, 1261). Olt, Disy.crlalion (Miniicli), 1911, 51. 

Marignac, Arn. Chivi. Phijs., 1866, pv], 8 , 19, 6 S ; ComyL rend., 1808, 66 , 180; 
Ueniiington, J. A mer. Ckcvi. Soc., 1896, i 8 , 38, 67 ; Balke and Smith, ibid., 1908, 30 , IGJ?! 
Baker, J. Chein. Soc., 1879, 35 , 760. 



CO.^IPOUKDS OF MOBIUM. 


147 


C 02? per Niobiiun Oxij fluoride, C uF o-NbOF 3 . 4 11 oO or CuNl )0 F5. 

llloO or N]:>q^ CU.4H2O, is prepared by the aetion of copper iluoride 

on a solution of niobium pentoxide in hydrofluoric acid. It yields 
blue, monoclinie prisms which arc very readily soluble in water and 
wliieli arc stable at 100" C. They are isomorphous with copper titanium 
iluoride, CuTiFc. 4 lIoO, and with copper tungsten oxvlluoride, CiAVOoF,. 
idloO. 

Potassium Niobium Oxij fluorides. —The following arc known ; IKF. 
3NbOF3.2lIoO or K.':Sl3 303Fi3.2lIo0 ; oKhtaNbOFg.HoO or 
: 2KF.NbOF3.H.O or KoXbOIA.II^O ; ;3KF“.NbOF3 
or K3iSd)OF(5. Of these potassium compounds the salt 2KF.XbOF3. 

r F-~i 

IIoO or XbQ'^JKo.HoO is the most important, and is, in fact, one of 

the commonest of niolnum compounds, as it is the usual end product 
in the working of niobium minerals, and is the form in which niobium 
is sc])arated from tantalum by tlie classical method due to Marignac 
(see p. 128 ). It is prepared by the addition of potassium fluoride to a 
hydrofluoric acid solution of niobium pentoxidc, or by recrystallisation 
of other potassium niobium oxy fluorides or of potassium niobium fluoride, 
from water. It undergoes recrystallisation unchanged in very 
thin leadets from ]mrc water. In the presence of a slight excess of 
bydrolluoric acid it forms thin, monoclinie scales which are isomorphous 
w'itli potassium lluoroxytungstate, 2KF.WO2F2.II2O, and with ])otassium 
litanimu fluoride, 2IvF.TiF4.lI oO. Its crystal elements arc: a:h:c 
■ ()b)t )2 : 1 : ()- 08 () ; ^-- 103 ° 40 '. It loses almost all its water at lOO'^C., 
but undergoes no J'urtlier change and remains completely soluble in water 
wluai heated to 200" Cb One part of tlic salt by weight dissolves in from 
i 2-r) to 1 3 parts of water ]:)ctween 17 " and 21*^ C. It is much more soluble 
in hot water and in water containing hydrogen fluoride or hydrogen 
pca’oxidc^ and is also mucli more soluble than the ])otassium tantalum 
oxyduoridc'S. The solution is ])ree,i])itatcd by the addition ot caustic 
soda, or caustic. ])otash ; the ])rccipitatc is soluble in a slight excess of 
f he alkali, but s(^pa,rates out again in crystalline form when large excess 
is a(ld('(l. In this respect the com})Ound behaves differently from 
potassium titanium fluoride, ])ut tim reaction is not, however, available 
for Ibc^ sc'para.tion of niobium and titanium, as, wlien both metals are 
I ) resent, the j)r(‘cipitate also contains l^oth. Hall and Smith ^ have 
made a study ol‘ the dilTerential action of seventy-four bases, both 
inorganic and organic, on solutions of ])otassium niobium oxylluoride 
and potassium titanium Iluoride. 

The eom])()und r)KF.3Xb()F3.n hO or 1x3X1)3031^^4.1100 is obtained 
from tlu‘ m()tlu‘r-li(|U()r in the ])rcparation of the above salt when the 
pol.assinm Iluoride has been added only sparingly to the solution of 
niobi(‘ acid in hydrolluoric acid. The new mother-liquor thus obtained 
yields (agestals of the composition 4KF.3XbOF3. 21120 or K^Xb303F43. 
211. >0. Tint former of these giv(‘S, apparently, hexagonal ]n’isms. They 
lose only ])art ol’ Iheir water at lOO'"’ C. ; above this tcm]>eraturc 
hydrogaai Iluoride is cn'olved. 

W'iuai the (piantity of potassium fluoride added to the solution of 
niobic* acid in hydrolluoric acid is somewhat greater than that required 
for the formation of the salt 2KF.XbOF3.IL2O, crystals of a salt having 
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the composition SKF.NbOFg or KgNbOFg are obtained. This com- 
pound has also been prepared by fusing niobic acid ^vith excess of 
potassium hydrogen fluoride.^ It is stable at 100” C. Its solution in 
hot water yields crystals of 2KF.XbOF3.II2O, so that the change 

2iaLNbOF3.H20+KF — 3KF.XbOF3-rnoO 


appears to be reversible. A hydro fluoride of composition SKF.XbOFg. 
HF has been obtained from solutions containing large excess of hydro- 
fluoric acid or of potassium fluoride. Slow crystallisation from con- 
centrated solutions gives rise to very beautiful prismatic crystals, 
isomorphous with the double potassium tin fluoride, 3 KF.SnF^.lIF ; 
a : b : e = 0*6279 : 1 : 0 - 4900 ; ^= 93 ” 14 '. This substance is also quite 
stable at 100° C., and loses hydrogen fluoride only on being very strongly 
heated. 

If a solution of the compound 2KF.XbOF3.IT2O is boiled for twelve 
hours while steam is introduced, a white, soft, micro-crystalliue ])owder 
is obtained, the composition of which is 2KF.3Xb02F or K2Xb30(,F5.^ 
A compound of the formula Xb02F has not hitherto been isolated. 

The compounds KF.Xb205.3lT20 and 3 KF. 2X1)203.51120 are of 
doubtful constitution. They are obtained as crystalline ])owders by 
fusing niobium pentoxide with potassium iluoride and extracting the 
melt with boiling water. ^ 

Rubidium Niobium Oxy fluoride, 2RbF.XbOF3 or llb2X'bOF5 or 


F n 

XbQ^ iRbs, is prepared similarly to the corresponding potassium 
compound. 

Sodium Niobium Oxyfluorides. — These arc not so well defined as 
the potassium salts. Similar methods of preparation give rise to a 
precipitate of 2XaF.X^b0F3.2H20, which is, liowcvcr, always associated 
with some of the salt XaF.XbOF3.H2O, and the two arc dilhcidt to 
se])arate. The compound 3X^aF.XbOF3 has, however, ])ecn obtained 
])ure. A sodium -calcium-niobium oxyfluoride, XaCaXb20,3F, is also 
known.^ It is obtained by fusing lime, niobium pentoxide and sodium 
fluoride together. It forms colourless octahedra of density 1*1 96 to 4 - 341 , 
and its refractive index for sodium light is 2-148 to 2-150 ; these iigures 
agree with those given by natural joyrochlore (see ]). 121). 

Thallium Niobium Oxyfluoride, 2TlF.XbOF3 or TUXbOlL or 

^ ""^Th. is obtained in colourless, transparent, rhombic crystals 


Xb 


O 


by the action in solution of thallium .fluoride on niobium penta- 
lluoride. 

Zinc Niobium Oxyfluoride, ZnFo.Xb0F3.Gll20 or ZnXbOlL.filloO 
or r XbQ^lZn.eTKO, results from the action of zinc Iluoride on a solution 


of niobic acid in hydrofluoric acid. It gives rise to rhombic, hexagonal 
crystals, which are isomorphous with those given by zinc titanium 
fluoride, ZnF2TiF,i.6lT20. 


^ Baker, J. Chew,. >S'or., 1870, 35 , 701. 

“ KriBs and Nilson, Ofrcis. K. Vct.-Akad. Fork., 1887, No. .7 . Her.. 1887, 20, KkSO. 
^ Petersen, J . prakl. Chcni., 1889, [ii], 40 , 287. 

^ Holniquist, ZeiCcJi. Kri/st. Min., 1890, 31 , 300. 
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NlOlUUM AND ClTLOKINK. 

Ghloroniobium Chloride or niobium die} do ride,'' 

TIl^O or [NO.^CL oJCU.vIl oO.^ — This compound is ])repared by lieating 
I ]Aarb oj' niobium ])entachlondc with 7 parts of 3 per cent, sodium 
amalgam in a hard-glass combustion tube from which the air has 
])reviously been exhausted. Tire |)roduct is allowed to cool in a vacuum, 
is extracted wnth hot Avater, filtered from a brown oxide formed at the 
same time, and then evaporated with the addition of hydrochloric acid. 
It forms black, sliining crystals, wbiich give an olive-green powder, 
soluble in hot \vater. It is onl^^ slowly decomjmsed by ammonium 
liydroxide ; conceiitrated boiling nitric acid precipitates niobic acid. 
Only two of tlie chlorine atoms are ionised in solution. On being 
treated with the equivalent quantity of caustic soda it yields cldoro- 
•riiohium hydroxide, [XbgCl 3 ^ 2 l(^^'^) 2 -^W 2 ^? ^ black, micro-crystalline 

jirccipitate, which in turn forms eldoroniobium bromide, NbyCl 2 2 ^^i’ 2 * 
711^0, w\]icn evaporated with hydrobromic acid. Chloroniobium 
chloride and chloroniobium hydroxide are both soluble in excess of 
caustic soda, from whiich solution the addition of excess of concentrated 
hydrochloric acid ])recipitates a brown pow-der having the composition 
Nb^CT]^,j.OII 2 O. This su])stancc is less soluble than the olive-green 
com])ound into which it is converted by boiling water. The available 
evidence suggests tiuit the brov/n compound differs constitutionally 
from the green com]:>ound ; - their behaviour recalls the different forms 
in w'hich chromium trichloride is known to cxist.^ 

Niobium Trichloride, XbCl 3 , is ])rcpared by leading the vapour 
ol* niol)ium ])cntachloridc througli a heated tubc.^ It is also formed in 
small (juantity ])y tlic action of carbon tetrachloride vapour on niobium 
inaitoxidc contained in a hard-glass tube,^ and has })robably been 
prc'parcd in solution by the electrolytic reduction of the pcntachloride.^’ 
It forms a ])lack, crystalline crust with an almost metallic lustre, whicli 
closely resembles the appearance of a film of sublimed iodine. It is 
not decomposed by water or animonia, but is readily oxidised by dilute 
nitric acid to niol)ium pentoxidc. On being heated to a red heat in an 
atmosphere of carbon dioxide, a su])limatc of niobium oxytricliloride, 
XbOCI^, is produced, the carbon dioxide undergoing reduction to the 
monoxide. 

Niobium Tetrachloride is reported to have ])ecn obtained in 
solution i)y the electrolytic reduction of a solution of sodium niobatc 
in hydrochloric acid.'^ 

NTobium Pentacliloride, XbCl^, is the most important of the 
chlorides ol‘ niobium, and is the material from which the other chlorides 
ar(‘ [)repaircd. It can be olrtained by several methods : 


' It should l)c' notc'd that the formula ITTa.jCh.^IUO lias been reeently ascribed to 
l!i(‘ eorres[)ondiuo tuntuliiin (tliloride, as well as similar forinnl;e to analogous oom|)f)iinds 
of mol\d)denum and tungsten. I'lie foi-mnla? hero given for niobium diehlorido and its 
dei'ivatives am, tberefore, f)erlia|)S incorrect. 

“ Hai'iK'd, J . .Inn/'. CJii'iii. Hoc., 1913, 35 > 1978. 

Sco (bis s(udc s, \'ol. VI i., Part HI. (1920), p. 24. 

P()S(;oe, Chvnh. \cjrs, 1878, 37 , 20. 

^ 1 )ela fontaine and Linebai‘g(u‘, ./. A'mcr. Chem. Hoc., 1890, 18 , ;j32. 

Oil, Dissertation (Munich,' 1911) ; compare Stabler, Ber., 1914, 47 , 842. 

Ott, loc. cit. 
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(a) J3y heating metallic niobium in chlorine at a red heat A 

(h) A mixture of niobium pentoxide and carbon is gently heated 
in a stream oi chlorine, air being excluded. The pentachloridc is 
sublimed a^vay irom any oxycliloridc simultaneously produced by 
raising the temperature at the conclusion of the reaction. ^ 

(e) By the action of the vapour of carbon tetrachloride on niobium 
pentoxide heated to 230^ to 250° CA Some of the oxychloride is formed 
at the same time, but the change to the pcntachloride is complete if the 
heating is carried out in a sealed tube at 200° to 225° CA The same 
clia nge takes place if the niobium pentoxide is subjected to the action 
oi a mixture of chlorine and carbon tetrachloride vapour,^ or chlorine 
and sulphur dicldoride,^ or phosphorus pcntachloride,' or sulphur 
monoehloride.^ In the last case the pcntachloride is removed from 
excess of sulphur monochloride by distillation. 

(d) J^y carefully heating niobium sulphide in chlorine free from 
oxygen.^ 

Niobium pcntachloride crystallises in long, yellow, transparent 
needles. Density 2*73 to 2*77.^^ The specific electrical conductivity 
of the fused substance between 220° and 235° C. is 0-22 xl0~^ reciprocal 
ohms (the corresponding figure for copper at ordinary temperatures 
is 64x10^), so that fused niobium pcntachloride is an insulator of the 
order of the best conductivity water.^^ It melts at 212° C. to a red 
liquid, which volatilises readily and boils at 240-5° CA- Its vapour 
is yellow. Its density between 280° and 300° C. — 9-45 (air^^l. NbCl 5 
requires 0*35). The chloride sublimes unchanged in the vapour of 
carbon bisulphide, and dissolves readily in sulphur monochloride to a 
red solution and in carbon tetrachloride to a yellow solution; both 
these solvents yield crystals on being concentrated. It is also soluble 
in chlorofor]!!, alcohol, and ether ; a nitride of niobium is ])recipitated 
when ammonia is passed into the ether solution. Niobium penta- 
chloride undergoes ready hydrolysis ; on being exposed to dam]) air 
it evolves hydrochloric acid fumes and becomes coated with a skin of 
niobic acid. It is completely decomposed by water to hydrochloric 
acid and niobic acid, which latter can be obtained pure by repeated 
washing with water. It dissolves in concentrated hydrochloric acid 
to ])roduce a clear solution, and in concentrated sulphuric acid with 
evolution ot hydrochloric acid gas. 

Double chlorides of niobium pcntachloride with chlorides of other 
metals to correspond with the double fluorides given by niobium penta- 
fluoride are not known. A double compound with piperidine, NbCl^. 

^ von Bolton, Ztliscli. EUhtrochMu., 1907, 13, 147 ; (‘.oinpare Moissan, Compt. rend., 
1001, 133. 20 ; Bull. Boc. chinh., 1902, Jiii], 27, 431. 

- Rose, Bo(j(j. Annale/K, 1S5S, 104, 433 ; Ito.se and WAber, ibid., 1853, 90, 402 ; conijiarf' 
Biltz and V'oigt, 7j(dtsch. anorg. Chern-., 1921, 120, 71. 

^ Bunk and Xioderlander, Ber., 1928, 61 B, 249, 138.5,- Demar9ay, Curapt. raid., 1S87, 
104, 111 ; compare Camboulives, ibid., 1910, 150, 175. 

Hall and Smith, Cheoii. Ncics, 1905, 92, 277 ; Ruh and Tliomas, ZeiUclt. anorg. 
Chern., 1920, 156, 213. 

^ Ruit and Scliiller, ibid., 1911, 72, 329. 

Bovinon, Ann. Chinn. Bhys., 1910, [viii], 20, 5G5. 

■ Pennington, J. Airier. Oliem. Soc., 1896, 18, 61. 

^ Smith, ibid., 1S9S, 20, 292 ; Hall and Smith, loc. cit. 

® Biltz and Gondor, Bar., 1907, 40, 4969 ; Biltz and Voigt, loc. cit. 

Balke and Smith, J. Amer. Cham. Soc., 1908, 30, 1637. 

Biltz and Voigt, loc. cit. 

Deville and Troost, Corn'pt. rend., 1865, 60, 1221 ; 1867, 64, 294. 
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eCji-i^N, has been prepared, however, by addition of the organic base 
to a concentrated alcoholic solution of the pentachlorided It forms 
white needles wdiich undergo decomposition on attempts to reerystallisc. 
Similar compounds are formed witli cuiiline, 'pyridine, ctc.“ 

Niobium Oxychlorides. — The most important niobium oxy- 
chlorine compound is niobium oxytrichloride, NbOClg, which is 
described below. 

By the electrolytic reduction of a solution of niobium pentoxide in 
{a) concentrated liydrochloric acid and {h) dilute liydrocldoric acid, 
and subsequent evaporation in vacuo or in an atmosphere of carbon 
dioxide, two compounds having the following compositions have been 
reported : 

{a) Nb2(OH)2Cl4.5H.O or NbOCL[Nb(OII 0 r]Cl 3 . 

(b) Nb2(0H)3Cl3.3H20 or NbOCL[Nb(Oir 2 ) 4 CUJ. 

Chloroniohium hydroxide, [Nbt;Cl;^o](0H)2.SH20, has been mentioned 
in describing chloroniobium chloride (sec p. 149). 

Niobium Oxytrichloride, NbOCl 3 . — This compound is of Instorical 
interest in that it was one of tlie oxy-halogen compounds ]:>repared 
originally by Rose in which the oxygen atom was overlooked. Rose 
called this substance “ hyponiobiurn chloride ' ; its correct formula, 
and hence the true valency of niobium, were first established by 
Blomstrand.'^ 

Niobium oxytrichloride is prepared by the action of chlorine on a 
mixture of niobium pentoxide and carbon, or on the lower oxide, NbOo,^ 
or by the action of tlie vapours of carbon tetrachloride on tlie pentoxide.^ 
Sonic niobium })cntachloridc is produced in the same reaction, and this 
is removed either by distilling it away at tlie lowest temperature ])ossil)le 
in an atmosjdicrc of carbon dioxide, or by subliming the ])roduet i]i a 
current of chlorine over the ignited oxide.” The oxychloride has also 
been ])reparcd by passing the vapours of niobium ])cntachloride o\’cr 
niobium pentoxide at a red heat.^ 

Niobium oxytrieddoride forms white, silky crystals, wliich sublime 
to silky needles oh being heated in a sealed tube. It is very 
stable. It can be volatilised at 400° C. without medting; its va])our 
density at 4 10° C. is 7*89, and at 8G0° C. 7*87'^ (air---l. NbOCbj 
rc(p.iircs 7-47). Its vajiour is colourless. On being gently heated in 
hydrogen, carlion dioxide, or chlorine, it sublimes unchanged ; with 
very strong heating in hydrogen or carbon dioxide, however, it de- 
composes and Jbrms niobium [lentoxidc and niolhiim pentaehloridc 
(hydrogen also produces some of tlie lower oxides). It is soluble in 
alcohol and ether. Like the jientachloridc it undergoes ready hydrolysis 
with water, producing niobic acid and hydrochloric a(‘id : it is attacked 
by dani]) air. It dissolves in alkalis, also in concentrated sul])hiirie 

1 .I^enz, Zeilsch. anorg. Chtni., 1901), 36 , ,103. 

“ Hall, loc. cit. ; bunk and Xicdorlander, l.oc. cil. 

^ Ott, Uis^'iiirLatioii (Munich, 1911). 

llloinstrand, Ajinalen, 1805, 135 , 108. 

Dcvillo and broost. Comvt. rcjid.. 1805. 6 o. 1221. 
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acid, to for]!'! a clear liquid Avitli evolution of hydrocliloric acid 
but it is only very sparingly soluble in concentrated Jiydrochloric acid. 

Double Sedfs oj’ Niobhun- OxujiricJdoride . — Niobium oxytricliloridc 
gives rise to two scries of* double salts with edkali cldorides and with the 
organic bases 'pyridine and quinoline. These have the general formuhn 
NbOCl^.RCl and NbOC1.3.2RCL They arc prepared eitlier by addition 
of the alkali chloride or organic base to a solution of niobic acid in 
eonceiitrated hydrocliloric acid, or by the 'action of the alkali chloride 
or organic base on niobium oxytrichloride in alcohol solution. They 
crystallise well, are stable in dry air but arc decomposed by water. ^ 
The following are known : 

NbOCl3.2NH4Cl . . Very unstable. 

NbOCl3.2RbCl . . . Yellow, regular octahedra. 

NbOCl3.2CsCl . . . Do. ' do. do. 

NbOCl3.C5II5N.IICl . . Pale grccnish-vellow crvstals. 

NbOCl3.C5ll5N.HCl,HoO . Colouricss crykals. 

NbOCl3.2C5H5N.IiCl.TioO . Large, colourless, transparent prisms. 

NbOCi3,C3ll7N.lTCl . . Alniost colourless needles or greenish- 

yellow truncated prisms. 

NbOCI3.2C3n7N.HCl . . Almost colourless needles. 

The corresponding bromine comjDounds are very comparable, but 
attempts to ]Drepare corresponding iodo-derivatives were unsuccessful 
owing to the insolubility of niobic acid in hydriodic acid. Double 
conqoounds of vanadium oxytrichloride with pyridine, and taiitalum 
oxytrichloride with pyridine and quinoline, have also been prepared. 

Niobium and 13Ro:\rixE. 

Niobium Pentabromide, NbRrj. — This is the only bromine 
compound of niobium hitherto prepared. It is obtained ])y the action 
of bromine vapour on tire coarsely powxlcred metal, ^ or on a mixture 
of niobium ]xmtoxidc and carbon in the absence of air.^^ In tlie latter 
case some of the ox3i)romide is also formed. Niobium pentabromide 
is a fine, purple-red pownler, very similar to red ])hosphorus in a]:)pear- 
ance. "i 1 ie fused su])stance forms garnet-red prisms. On l)eing 
strongly heated it becomes yellow, and volatilises. It melts at about 
loO^ C., and distils undecom])oscd in an inert atmosphere at about 
270 '^ C. It can be distilled unchanged in an atmosphere of nitrogen 
or carbon dioxide. It is very hygroscopic, hydrolyses raj)idly in dam]) 
air, and is decomposed by Avater with a hissing noise and considerable 
evolution of heat into niobic acid and hydrobromic acid. It is soluble 
in absolute alcohol and in dry ethyl bromide. 

Niobium Oxytribromide, N^OBiw, is prepared by the action of 
bromine on a mixture of niobium pentoxidc and carbon. The method 
is that by which the pentabromide is produced, but in this ease the 
proportion of carbon present is much smaller. The product is distilled 
in an atmospliere of bromine or nitrogen.^’ It is a ])right yellow, 
voluminous substance, wdiich sublimes without melting in an atmosphere 
of bromine, but is converted completely into niobium peiitoxide on 
being sublimed in an atmospliere of carbon dioxide. It fumes in dam]i 

1 Weinland and Storz, J3er., 1900, 39, 3050 ; Zeitsch. anorg. Chern., 1907, 54, 223. 

“ Barr, J. At/ic./'. Clihni. Soc., 190S, 30? 1668. 

" Hose, Pogg. Antiahn, 1858, 104, 442. ^ Barr, loc. ciL 
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niv and is decomposed by water witli formation of niobic acid and 
Iiydrobromie acid. It is soluble in liot eoiieenlraled sul])huric and 
liydroehloric acids, in absolute alcohol and dry ethyl })roinide. 

Double Salts- of Niohiuiu These eorres]3ond exactly 

to the double salts of niobium oxy trichloride described above, and arc 
pre])arcd by analoo-ous methods. The followino- arc kno^vn : ^ 


NbOBr3.2]lbBr 

NbOBr3.2CsBr. 

NbOBr3.C5ir5X.IIBr 

NbOBr3.C9lI7X.llBr 


Small, dark red oetahedra. 
Pale yellow oetaliedra. 
Oranye-red crystals. 

Do. prisms. 


These double salts arc even more unstable in damp air than the corres- 
ponding chlorine compounds. 

Chloroniohiuni brojnide, [Nb(;Cl3 2|]b\2.7ll20, has been mentioned in 
describing the }:)ro])crties of chloroniobium chloride (see p. I ID). 


Niobium and Iodine. 

Derinitc compounds ol niobium and iodine arc unknoM^n. The 
preparation of an iodide irom the pentaliromidc has ])ecai reported- 
but no details are sup])licd. A pyriditic addition eom])ound of the 
pentiodide, Nbl5.(C5H5N.IlI)Q, has been described,- but its existence 
lacks con firmation. 

Niobium and Oxygen. 

Niobium Monoxide, XbO, is of considerable interest as a compound 
of divalent niobium, but its existence is doubtful. ALtem])ts to ])repare 
it by reduction of the ])entoxide with hydrogen at high tenpieratures 
and in the carbon electric vacuum furnace^ liave not been successfuJ. 
It is stated to be ibrincd together with the dioxide, Xb02, by treating 
the ])cntoxide with hydrogen at about 150 atmospheres ])rcssure and 
2500 ' C.^’ Bose obtained it by reducing ])otassium niobium oxy- 
lliioride, KoNbOlf-^, with sodium in an iron cruc:ible and then rcanoN’ing 
the lluorides of sodium and ])otassium in the ])roduct with \vater. Both 
Bose and Hermann overlooked the ])resenc(‘ ot tlie oxygen atom, and 
looked upon this substance as being metallic. niol)ium. A study ol' the 
amount ol oxygen absorbed in its conversion into the pentoxide showed, 
howcN'cr, that it was more probably the oxide NbO,'' Tins conclusion 
is supported by the following facts: (1) Niobium monoxide is stated 
to be ))rej)ared also bv reducing niobium oxy triehloiade, NbOC'l.,, or 
niobium oxytrilluoride, Nl)OF3, with magnesium ; (2) it is (*on\'ert('d 

into niobium oxN-trichloride, NbOC!3, on being !\eated in a stream oi' 
chlorine, 

2NbO-i ;iClo--2NbOCl3; 


^ WUiriland and Stoi’z, loc. cit. 
lUuT, loc. cit. 

^ ZclL-ich. anor(j. Chf-m., 1003 , 36 , 100 . 

WVinland and Stnrz, loc. cit. 

Ruil, Seit'erlicld, and Suda, Zcit.scfi. a/iorcj. Chon., 1013, 82 , 373 ; ccmpaic rOaiiLaiac, 
CornpL. re.nd., 1808, 66 , 180. 

Xcwbt'i'y and Pring, Croc. lio//. Cor., 1010, [Aj, 92 , 270. 

' Iyo.sc, ihxjfj. AiiiKtlcii, 1858, 104, 310. 

® Hermann, ./. praht. Chcni.., 1871, 3,380. 
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(3) it is converted into niobium oxytrichloride on being dissolved in 
livdrochloric acid, 

2NbO-fGllCl-2NbOCl3-i-3ll2. 

The monoxide has been variously described, according to the method 
ot preparation, as a ])lack powder, or glistening crystals, or beautiful 
black cubes. Its density varies from G*3 to 6*7, and it is a good con- 
ductor of electricity. On being heated in air it oxidises readily to the 
pentoxide with considerable evolution of heat. It dissolves in hydro- 
iluoric acid and hydrochloric acid withocx'olution of hydrogen, and a 
pentavalent niobium salt is formed in solution. It is also dissolved by 
boiling potassium h\'Xlroxide to form potassium niobate. This behaviour 
of niobium monoxide towards acids and alkali indicates that divalent 
salts of niobium are too unstable to exist. A divalent chloride of 
tantalum has, however, recently been isolated (sec p. 192). 

Niobium Sesquioxide, Nb 203 , has been prepared (a) as a bluish- 
black powder by reducing niobium pentoxide with magnesium powder ; 
the magnesium oxide so formed and excess of magnesium are removed 
with dilute hydrochloric acid ; ^ (/;) as a bright grey powder with a 
bluish tinge by heating the pentoxide in a stream of hydrogen at 
1250"^ C. The latter method yields a product which is free from "both 
metal and higher oxides.^ The pure product melts at 1780° C. Its 
electrical conductivity has been measured.^ On being mixed with 
carbon and heated in hydrogen at 1200° C. it yields niobium carbide, 
NbC. 

Niobium Dioxide, NbOo. — Like the sesquioxide, this oxide is 
obtained by reducing the pentoxide with hydrogen at a high tempera- 
ture.^ It has also been prepared by the electrolysis of fused potassium 
niobium oxylluoride, KoNbOIL, in a platinum vessel, which acts as 
the cathode, and using an anode of the same material.^ Niobium 
dioxide is a black powder which is stable in air at ordinary tempera- 
tures ; on being heated in air it forms the white pentoxide. It is not 
attacked by hot or cold acids, including hydrolluoric acid and aqua- 
regia ; boiling potassium hydroxide solutions dissolve it slowly. Its 
crystal structure has been studied by Goldschmidt.^ 

Niobium Pentoxide, Niohic ylnhydride, Nbo 05 , is probably the 
commonest cong^ound of niobium. It is obtained in the treatment of 
nio])ium-bearing minerals (see p. 124), and is the starting material in 
the preparation of other niobium compounds. It is precipitated in the 
hydrated state by the hydrolysis of nearly all pentavalent niobium 
salts, and is formed in the gravimetric estimation of niobium (sec p. 130). 

It can be prepared by heating metallic niobium or any of the lower 
oxides, or the sulphide, carbide, or nitride of niobium, in air or oxygen. 
Ammonium niobium oxyfluoride, {SF[^)oKhOF-, also yields the pent- 
oxide on being heated in air. Solutions of the alkali niobates yield a 
white gel of the hydrated pentoxide when treated with mineral acids, 
sulphuric acid being usually preferred. Insoluble niobates on fusion 

^ Smith and Maas, Zcitscfi. anorg. Chtm., 1894, 7, 98. 

- ITiederich and Sittig, ibid., 1925, 143, 29.9 ; 1925, 144, J69 ; 1925, 1^5, 127. 

^ Lriedcrich, Zeitsch. 1925, 31, 813. 

Delafoiitaine, loc. cit. ; B-ull; and Thomas, Zeitsch. anorg. Clwm., 192G, 156, 213; 
compare Xewbery and Pring, loc. cit. 

Ott, Dissertation (Munich, 1911). 

^ (ioldschmidt and others. Artier. Chem.. Abs.. 192G, 20. 3414. 
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with potassium hydrogen sulphate, and extraction with water, yield a 
residue of niobic acid, which is repeatedly washed with water containing 
a little ammonia to remove the adhering sulphuric acid. The gel is then 
ignited, prelcrably with the addition oJ‘ a small quantity of ammonium 
carbonate, and a residue of pure, dry niobium pentoxide is obtained. 
The pentaduoride, oxylluorides, and double alkali fluorides similarly 
yield the pentoxide if they are evaporated with concentrated sulphuric 
acid until all the hydrogen fluoride has been evolved ; the residue is 
carefully washed and ignited. It is a diflicult matter to wash pre- 
cipitated niobic acid free from adsorbed mineral acids because of its 
colloidal character. Traces of alkali, which may also be present in the 
product, are best avoided by starting with the ammonium salt. 

Pro])erties . — Anhydrous niobium pentoxide is a white, amorphous, 
tasteless, odourless powder which remains white on being heated,^ 
although some samples assume a temporary yellow colour while hot.- 
It is a remarkably stable substance and can be heated to 1750"^ C. 
without undergoing decomposition.'^ When precipitated niobium pent- 
oxide is heated to dull redness it glows brightly for a short time, the 
extent of the glow and the temperature at which it occurs depending 
on the method of preparation, \mrious explanations of this have been 
put forward : {a) Allotropic transformation ; [h) increase in size of 
particles ; (c) transition from amorphous to crystalline state. Recently, 
Debye-Scherrer X-ray spectrograms, made on samples of the oxide 
l^efore and after glowings, have shown that transition from the amor- 
].)lious to a crystalline state takes place. The same explanation is 
ibund to Iiold good for the glowing of tantalum pentoxide, ferric oxide, 
chromium sesquioxide, titanium dioxide, and other oxides,'^ and is con- 
sistent with the i’act that niobium pentoxide assumes a crystalline 
1‘orm on ])eing very strongly heated.^ Fusion with borax also yields 
green, rhombic prisms.^ Microscopic, biaxial, rhombic plates ^ and 
(*ubes ® have also been reported. The melting-point is about 1520° C.^ 
The density varies with the method of preparation ; it usually lies 
])ctwcen 4-fl7 and 4*5B,^^ but decom])osition of the pentachloride in air 
and subsequeiit ignition gave a product the density of which varied 
bctwcicn l-SS and 5*05, and liydrolysis of the oxychloride followed by 
ignition gave sam])les the densities oi‘ which were as high as 5*2G.i“ 
The crystalline modifleations have densities varying between 4*57 and 
4*70. The sj)eciflc heat of niobium pentoxide between 0° and 100° C. 
is O-nsi, and increases at higlier temperatures.^^ The magnetic sus- 
ee]:)tibility and electrical conductivity have been measured. When 

‘ MiitlHuaiiii, Weiss, atul ivicalelbaiK*!), Aihuulv.it, U)07, 355, (>3. 

“ \V(;liler, I^ong. Aiinahu., 1850, 48, 02; Bose, ■ibid., 1 12, 540; Oil, loc. cil. ; 

WCiss and La.iKl(‘(::k(‘r, Zc.ilsv.h. (itiorff. (Ak-di., 1 OOO, 64, GO. 

Bead, d. (Jhi-ni. Hoc., 1804, 65! 515. 

ilolirn, Zcib'irh. anorg. (Jhtm., 1025, I49j Rose, loc. cit. 

^ lOhclnuai, Com.pt. read., 1851, 33, 525 ; Ann. Chun, rhi/s., 1S51, pii], 33, 54 ; Mallai'd, 
Ana. Minc.s, 1887, Iviii], 12, 427. ' Xorckniskiold. Pogg. Annalv.a, 18G1, 114, (>12. 

“ Knop, Anitdlca, 1871, 159? 5G ; ZciL'icfi. Krgst. Jli/i., ISS/, 12, GIO. 

•' BiilT, Scdfca’lu'ld, and Snda, Zcilsch. anorg. Ch.f'nh., 1015, 82, 597. 

Maripaiac, Ana. Clii/in. /''//ays., ISGG, [iv], 8, 10 ; Olt, loc. ciL 

Balke and SiniUi, J. Ami^r. Chcai. Hoc., 1008, 30, 1G45. Rose, loc. cit. 

.Bose, gee cit. ; Holmqiiist, BulL Ceol. [nd. Up^, 1890-97, 3, 207. 

ICriiss and Xdson, ZeiUrh. pli.jisikal. Client,, 1887, i, 591. 

Bei'kniann and Zocdier, ibid., 1020, 124, 518. 

Friederich, Zeitsch. Phi/ail:, 1925, 31, 813. 
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1 gram of metallic niobium burns to the pcntoxide, 2350 calories of 
heat are evohxclA The calculated lieat of Ibrniation of the pentoxidc 
is given by the equation 

2Xb |-i( 502 ) =Xb205-p441 ,330 calorics. 

Niobium pentoxide is reduced to the dioxide, NbO^, and the 
sesquioxide, NboO.^, on being strongly heated in a stream of hydrogen at 
ordinary ]Drcssures,“ Reduction in the carbon electric vacuum furnace 
at high temperatures and pressures yields a mixture of the lower oxides.''"' 
Ammonia at a white heat brings about partial conversion into the 
nitride. Heated in a current of hydrogen chloride, the oxide is com- 
pletely volatilised without undergoing reduction, and yields a Avhite 
hydrochloride, Nb205.cTlICl.^ Vanadium pentoxide, V2O-, molybdenum 
trioxide, M0O3, and tungsten trioxide, WO 3, are also completely volatil- 
ised when heated in hydrogen chloride. The oxide is readily attacked 
by carbon tetrachloride vapour at 220° C. with formation of niobium 
pentachloride ; tantalum pentoxide is unaffected under the same con- 
ditions.'' Sulphur mono chloride and phosphorus pentachloride produce 
the pentachloride or oxychloride, according to the conditions, and 
chlorine reacts similarly if the pentoxide is previously mixed with 
charcoal. H3Hrogen sulphide and carbon bisulphide vapour \deld an 
oxysulphide at liigh temperatures. Niobium pentoxide is stable towards 
light, but becomes markedh^ photo-sensitive and undergoes reduction 
in the presence of certain organic liquids and reducing solutions, 
particular^ gl^mcrol. The process depends to some extent on tlie 
presence of impurities, notably stannic and tungstic acids, zirconium 
compounds, and titanic acid." 

After being strongly ignited, niobium ])entoxide l^ecomcs insoluble 
in all acids other than hydrofluoric acid, but is dissolved by molten 
potassium hvHrogen sulphate, ammonium hydrogen sulphate, and borax. 
It is also insoluble in solutions of alkalis, but is converted into the 
alkali niobates by fusion with alkali liydroxides and carbonates. 

Hydrates of Niobiuni Pentoxide. Colloidal Niobiiun Pentoxide.-- 
Niobium pentoxide does not combine directive with water to form 
acids of definite composition. Ihvo hydrates of the oxide, namely, 
3X1x205.41120 and 3X13205.71120, have been reported,® but their exist- 
ence is Amr\^ improbable. The term niobic acid is ap])licd to the more 
or less hydrated pentoxide. When niobium pentachloride or niobium 
ox}Trichloride, XbOCl^, is Inxlrolyscd with excess of water there is 
produced a white, amorphous, liydrated gel,'^ which can also be obtained 
by the action of sulphuric acid or h\xIrochloric acid on alkali niobates ; 
the precipitate is redissolved by excess of acid. Similar solutions are 

^ Muthinann, Weiss, and Riedcdbanch, Annak-n, 11)07, 355, 8-1. 

- Compare Xichols, Fhys, licuiev:, 1925, [li], 25, 376 ; Xcwb(‘rv and Piina, Vroc. 
Roy. Soc., 1916, [A], 92, 276. 

^ Ruff, Soiferheld, and Siida, ZttL-<ch. anorg. Chem-., 1913, 82, 397. 

Rose, Po(j(j. 1 S60, iii, 426. 

^ Hall and Smith, J. A //ter. Cheni. Soc., 1905, 27, 1389 ; CVor. A //i,er. Ph d. Soc., 1905, 
44, 197. Acooi'ding to Smith and Maa.s {'ZeiUch.. anorg. Che///.., 1894, 7. 96), the wliite 
product is a hydrochloride of niobium dioxide, and has the fui-mula 2X bO.. llC1.3f-i 4). 
Ruff and Thomas, ZeiLsch. anorg. Chein., 1926, 156, 213. 

" Renz, lleic. Chhn. Acta, 1921, 4, 961. 

Santesson, Btill. Soc. chim., 1875, [ii], 24, 38, 67. 

^ Marignac, Ann. Chlni. Phys., 1866, [iv], 8, 46 ; Rose, Pogg. Annale/i, 1861, 112, 557, 
Rose, loc. cit. ; Weinland and Storz, Zeitach. anora. Cheni.. 1907. ka. 232, 
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obtained by fusing a niobate witli potassium hydroiren sulphate and 
extracting the melt \vith water ; ^ the extract, however, readily clouds, 
with ])recipitation of the acid. 

The gel can be dried at room temperature to a horny mass ; at 
100° C. it becomes a white powder which still contains varying pro- 
portions of water, according to the history of the sample ; it is com- 
pletely dehydrated at about 300° C. The gel is insoluble in water, but 
on being washed undergoes peptisation and 2 :>asses through the filter- 
pa])er. This can be prevented by the addition of a small quantity of 
an electrolyte (for example, ammonium nitrate or ammonium carbonate) 
to the water. The gel is only slightly soluble in concentrated hydro- 
chloric acid, with ]3robablc formation of niobium oxytrichloride, but 
the residue, after decantation, undergoes peptisation very readily to 
yield a clear hydrosol from which all the hydrochloric acid can be 
removed by dialysis. ° The h\'drosol prepared in this manner clouds 
if allowed to stand overnight or if boiled. The gel is more readily 
soluble in concentrated sulphuric acid ; the solution remains clear 
on being diluted, but it is preeij^itated by sulphur dioxide."^ The gel 
dissolves also in hydrobromic acid and perchloric acid, and is readily 
taken up by hydrofluoric acid. 

Ilydrosols of both niobium pentoxide and tantalum pentoxide 
have been prepared by fusing each of these oxides with alkali in a silver 
crucible, dissolving the melt in water and dialysing the product for 
about ten days. Concentration over sulphuric acid yields a hydrosol 
containing 2-571 grams of niobium pentoxide per litre ; the dispersed 
phase is negatively charged. The sols so obtained are quite stable, 
and are not coagulated even when heated, but they are precipitated 
by all strong electrolytes except bases, which impart stability through 
preferential adsorption of hydroxyl ions. They arc very sensitive to 
chloride, sulphate, sulphite and nitrate ions.^ Ilydrosols of niobium 
})cntoxidc and tantalum pentoxide differ in their behaviour towards 
carbon dioxide ; whereas the tantalum pentoxide coagulates and is 
precipitated fairly rapidly, the niobium pentoxide is not precipitated 
after a day under the same conditions. This difference in respective 
rates of coagulation has been used to separate niobium from tantalum, 
but tlie separation is not quantitative (see p. 120). 

The remarkable optical pro]:>ertics displayed by hydrosols of vana- 
dium pentoxide (see p. 58) have not hitherto been observed with 
niobium pentoxide or tantalum pentoxide. 

In addition to dissolving in acids, freshly precipitated niobium 
pentoxide dissolves in caustic soda and in caustic potasli, and hence it 
appears to possess weakly amphoteric character. Its colloidal state in 
solution lias hitherto prevented any direct determination of its basicity 
or acidity. According to Wcinland and Storz it is comparable to 
silicic acid, and is more strongly acid than titanic acid. That nioljic 
acid is a very weak acid is sliown by the readiness with which the 
niobates arc (a) hydrolysed and (^) decomposed by mineral acids, 

1 Rose, Pof/r/. RSfU, Ii2, of)! ; ISGL 113, 109; \Vyiss and Landcckcr, Zeilsch. 

CDWrg. (Jhe.nh., iOOO, 64, (id. 

- W’ohk'!', Pogy. A nnnhn, 1839, 48, 92 ; MMri;;-nac, Ann. Chim. Phys., ISGG, [iv], 8, Ifi. 

Coinpam Ivielil and Hart, J. Anicr. Chatii. Poc., 1928, 50> 1013. 

Weiss and Lande(d<er, loc. cit. 

^ Hauser and Lewitc, Zeilsch. angeic. Chon., 1912, 25, 100. 

Weinland and Storz, loc. ciL 
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sulphur dioxide, and even so weak an acid as carbon dioxide, with 
precipitation of niobie acid. Solutions of vanadates, on the other hand, 
on being treated with dilute acids yield the complex acid vanadates. 
Niobie acid combines in varying proportions with basic oxides of 
metals, which suggests that niobium pentoxidc forms condensed com- 
plex anions containing several niobium atoms. It is most probable, liow- 
ever, that many of these niobates arc not distinct chemical identities, but 
consist of isomorphous mixtures of simple salts. Their general insolu- 
bility in water and the readiness with which they undergo hydrolysis 
in contact with water have prevented any close investigation into their 
constitution, and hence into the constitution of niobie acid. 

Niobie acid ]:)osscsscs the abiliW to form complex poly-acids with 
other acids (for example, with tungstic and oxalic acids). There arc 
by no means as many of these known as in the case of vanadie acid, 
as they have not hitherto received much attention. 

Niobates. 

The alkali niobates are most conveniently prepared by the action 
of caustic alkalis on niobie acid or on solutions of niobium oxytri- 
fluoride. Other compounds of niobie acid and bases arc generally 
prepared by fusing niobie acid with the oxide, hA’droxide, carbonate, 
or other salt of the metal. Occasionally double decomposition of a 
soluble alkali niobate and a soluble salt of the metal has been employed. 
Larsson’s method^ consists in precipitating a solution of potassium 
niobate with a salt of a metal ; the dried precipitate is fused for thirty-six 
hours at a high temperature with boric acid, and the inclt is boiled 
with water to which hydrochloric acid has been added. The residue 
consists of crystals of the insoluble niobate of the metal, usually the 
metaniobate. 

Niobates obtained by any of these methods contain the basic oxide 
and acid oxide in ]U’oportions wliich vary from 1:4 to 5 : 1. Tlic 
molecular com])lexitics of most of them, as well as the complexity of’ 
the ions ]:)rcseut in tlieir solutions, arc at j^rcsent not understood ; in 
many cases tlicy arc probably is()mor])hous mixtures of simpler salts. 
A revision of their eom])osition is necessary. Many crystallijic nio])atcs 
are known, however, the composition of wliich a])pcars to corrcs])ond 
to that of me tanio bales, lUNbO-j or R'20.Nb205, and Jiexaniobates, 
or 'pyroniohates, Rg^^NboO^ or 
2R\>0.Nb205, have also been prepared. The ortl to niobates, lU^NbO^ 
or dR^O.NboO^, like the orthovanadates, are very unstable and 
but little known, although their existence has been recognised in 
minerals. 

Niobates are usually insoluble in water ; even many of the alkali 
niobates are insoluble. Insoluble alkali niobates arc formed wiien 
niobium pentoxidc is fused with only small ])ro])ortions of alkali car- 
bonate. 7 : G Sodium niobate, 7Na20.GNbo03.,rlT20, is insoluble in 
solutions of high sodium-ion concentration, and is therefore j)reci}3itatcd 
by the addition of sodium salts to solutions oC ]iotassium niobate. 
Ammonium niobates are unknown ; when excess of’ an animoniiim salt 
is added to a solution of an alkali niobate, a voluminous ])rccij)itate 
is thrown down which is rapidly decomposed by water to yield niobie 
^ Larsson, Zeitsch. aiiorq. Chem., 1896, I2, 197, 
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acidM This instability of ammonium salts is consistent with the weak- 
ness of niobic acid, which is also shown in the ease with which niobates 
are decomposed by water and acids to precipitate niolhc acid. xVr- 
senious, arsenic, oxalic, tartaric, citric and malonie acids do not pro- 
duce precipitates with solutions of alkali niobates, ])robably because of 
the formation of soluble complex salts. Phosphoric, hydrocyanic and 
acetic acids yield precipitates with concentrated solutions of alkali 
niobates. 

The following niobates are known, but the constitution of some of 
them is not beyond doubt : — 

Aluviinium Niohate, Al203.3Nb205.12lTo0, is ol)tained as a white 
precipitate by the action of a solution of alum on sodium metaniobate, 
Xa20.Nb205.7l-l20.2 

Barium Niohate. — A salt having the composition 7BaO. 6X1)203. 
ISHgO is prepared by treating a hot solution of the corresponding 
sodium salt with dilute barium chloride solution.^ 

Cadmium Metaniobate. — The anhydrous salt, Cd0.Xb2O5, is 
obtained by fusing potassium niobate with cadmium chloride. It 
forms yellowish-brown, glistening crystals, the density of wliich is 5-93.^ 
The hydrated salt Cd6.Xb205.3in2*C) is thrown down as a pale yellow 
precipitate on adding a solution of a cadmium salt to sodium meta- 
niobate. ^ 

Caesium Niobates. — Fusion of niobium pentoxide and caesium car- 
bonate and extraction of the melt with water yields inonoclinic crystals 
which have the composition 4Cs 20.8X1)203.141120, and which are iso- 
morphous with the rubidium salt. Addition of alcohol to the aqueous 
solution i’urnishcs crystals of yCsoO. 6X1)005. SOIUO.*'^ 

Calcium Metaniobate, Ca0.Aib205, is prepared by fusing niol)ium 
pentoxide with calcium fluoride in an excess of potassium fluoride;^ 
or the pyro-salt 2Ca0.Xb203 is fused with boric acid and the melt 
extracted with water containing hydrochloric acid.® It forms bright 
red, long, thin, apparently rhombic needles, which are doubly refracting.^ 
Density 4*12 to 4-48. 

Calcium, Pi/roniobate, 2Ca0.X^b203, is prepared by fusing with 
calcium chloride cither niobium pentoxide or the precipitate obtained 
by the action of calcium chloride on ])otassium niobate solution ; the 
7Tielt is extracted with water containing hydrochloric acid,i^ when the 
salt remains in small, colourless, glistening, prismatic crystals. Den- 
sity at 17° C. 4*484. 

Isomorphous mixtures of calcium niobates and sodium niol)ates 
have also been prepared.^- A calcium niobate occurs in the mineral 
'pyrochlore. 

Cohalt Metaniobate, CoO.Xb203, is pre2)arcd by heating together the 
two oxides at about 1100° C., or by fusing the ])reci])i tate thrown down 

^ Weiss and Landoekei-, /or.. clL ; Bidlnlieinicr, Ckc.tii. ZeiL, IDUO, 24, 870; Sdioeller 
ajid daiin, Analysis 1927, 52, 504. 

“ -Ilalke and Smith, J . Anbi.T. (Aio-ni. Soc., l!)08, 30, 1().17. 

■' Daltord, ihicL, 1905, 27, 1218 ; see also J.arsson, /or. rit. 

■’ lairs.son, /or. cit. 

Balk(; and Smith, loc. cil. '■ Balke and SithOi, /or. rit. 

' deiy, (Jo'/rq)t. rciuL, 1875, 81, 2(58; Clicm. 1S75, 32, 111 ; .Ir/^a/rr Acia)ilifi(jUfs 

(U I' lb cole. Ao'on.dle Snyrrieurv, Pd.rii, 1877, [ii{, 6, 172. 

^ La.r.sson, /or. cil. •’ llolinqulst, Zail-scJi. Kri/,st. Min.., 1899, 31, 800. 

'Toly, loc. cit. ; Larsson, loc. cit. Compare Molni(.j[ui'‘=l'a toe. cit. 

Holrnctiiist, loc. cit. 
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by the action of cobalt nitrate on potassium niobatc solution with boric 
acid. It is a dark blue, crystalline powder. Density 5*56.^ 

Copper Met(niioh(iie. ~-Y\\c anhydrous ineta-salt CuO.\b205 consists 
of black, gdistenin^- crystals which are prepared similarly to the corre- 
s])onding cobalt salt. Density 5-60.- Addition ot co])])er sulphate to 
an aqueous solution of sodium metaniobate, X^a20.Aibo05.Tll20, yields 
a green precipitate of the Inalrated compound Cu0.Xl)20-..‘3Hl 20. A 
diJiydrate has been obtained by drying at 100° C.^ 

Iron Niohaies. — Ferrous ■metaniobate, FcO.NboOg, is obtained more 
or less impure by fusing niobium pentoxide, ferrous lluoride, and excess 
of potassium chloride in a platinum crucible to a bright red heat. It 
forms long, steel-grey prisms.‘^ A ferric ‘}iiohate, 2Fe203..‘3Xb205.Sll20, 
has been obtained ])y the action of ferric cldoride on sodium metaniobate.^ 
Iron niobates enter into the composition oC the natural niobites and 
tantalites. 

Litlimm Niohate, 7Li 20.6X1)003.201120, is a crystalline substance 
which results from the action of lithium nitrate on a concentrated 
solution of potassium niobate, 1x00.6X1)203.5 II oO.*'* 

Magnesium Metaoiiohaie {Anhydrotis), MgO.Xl)205, is pre])arcd l)y 
fusing witli boric acid the precipitate thrown down on the addition 
of magnesium chloride to a solution of potassium niobate. It yields 
short, prismatic, doubly refracting crystals.^ The beptabijdrate, 
i\lg0.Xd)205.7ll20, is obtained in wliite Hakes by the addition of inag- 
nesium chloride to a solution of sodium metaniobate and drying on the 
water-bath.® Drying at 100° C. yields a tetrahydrateC 

If the ])recipitate th.rown down by the addition of magnesium 
chloride to a solution of potassium niobate is fused ^vith excess ot 
magnesium chloride, or if niobium pentoxide is fused with excess of 
magnesium chloride under definite conditions, the salt lMg0.Xb203 is 
obtained. This compound is remarkable for the high ])ro])ortion of 
basic oxide prcsejit. It is alternatively described according to the 
method of preparation as consisting of (c) very small, white, hexagonal 
plates or ])risms, of density t- 16 ; (5) of colourless or })ale yellow, 
broad, transparent, hexagonal leaves belonging to the rhombic* system, 
density t-;37. It is only slowly attacked by acids. This salt is some- 
times accompanied l)y crystals of the ortboiiiobate, 8Mg0.Xb203, and 
in one preparation magnesium pyroi'anadate, 2i\lgO.Xb203, was ])ro- 
duced.^- Tlie latter consisted of small, steel grey, glistening prisms, 
wliich l)ecanie white when brought to a red lieat. 

M anganese Metaniohale, i\in0.Xb203, is prepared by fusing together 
niobium pentoxide, manganese huoricle and potassium chloride. It 
forms red, transparent, rliombic prisms, density t- 9k This salt is 
probably a constituent of the iiatural niobites (see ]). 117). i3y rusing 
together niobium ])entoxide, ferrous fluoride and manganese lluoride, 
Joly succeeded in pre])aring a substance which very closely resembled 
the natural niobites from Greenland. Analysis showed this substance 
to be an isomor])hous mixture of ferrous metaniobate and manganese 

‘ Larsson, lor. cil. ; Tfodvall, Zc.itscli. (inonj. Chem., 1915. 93 , 391. 

- taTssoji, lor. n.L Bailee and Sniith, loo. rii. doly, lor. rit. 

Bose, Au)nil( 18()l, II 2 , 4S0 ; ISGl, I 13 , 2!)2. 

'* llalke ;ind Smith, lor. cil. 

^ Lai'sson, loc. cit. ^ J3alke and Smith, loc. cil. 

Larsson, loc. cit. Jobs cit. Jobh cit. 


^ Rose, loc. cit. 
Joly, loc. cit. 
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metaniobate, of the composition (-|Fe0.-|-Mn0.)Nb205, which is approxi- 
mately the composition of the niobites from Limoges. 

Another manganese niobatc, SMnO.oNboOs, has ])een obtained by 
adding manganese sulphate to potassium niobate and fusing the pre- 
cipitate with boric acid. It consists of small, greyish-vcllow, prismatic 
rods, density 4 - 97 .i 

Mercury Niohate. — A salt having the probable composition HgoO. 
Nbo05.8H20 has been obtained by the action of mercurous nitratc*^on 
sodium niobate solution.- 

Potassium Niohates are generally produced by fusion of the metal 
or the pentoxide with potassium hydroxide, potassium carbonate, or 
potassium nitrate, ^ or by the action of solutions of caustic potash or 
of potassium carbonate on niobic acid.^ They are among the most 
stable of the niobates ; their solutions can be boiled without pre- 
cipitation of the acid. On being treated with sodium salts, for example 
sodium chloride, sodium niobates arc precipitated. 

"When a solution of potassium niobium oxyliuoridc, KoNbOFg, is 
boiled with ])otassium bicarbonate, a light, powdery, practically in- 
soluble precipitate of the 1 : 3 salt, K2O.3Nb2O5.5HoO, is thrown 
down.^ 

1 : 2 Potassium niobate, K20.2Nb205.5j-H20, remains undissolved 
in the crystalline residue left after fusing equimolecular proportions of 
niobic acid and potassium carbonate and extracting the melt with 
water.® 

Thin, transparent plates of the anhydrous 3 : 4 salt, 3K20.4Nb205, 
remain undissolved when niobic acid is fused with about twice its weight 
of potassium sulphate for several hours at a red heat and the melt is 
extracted witli wuiter.”^ 

Potassium metaniobate, KNb03 or KoO.NboOj, is obtained as 
beautiful, straw-yellow, rectangular plates by fusing a mixture ol 
equimolecular ])roportions of potassium carbonate and niobic acid ; 
in this case the niobic acid is jireviously fused with calcium (luoridc. 
The crystals arc extracted from the product with boiling, dilute sulphuric 
acid.^ 

8 : 7 Potassium niobate, 81x20.7X13005.321120, precipitates out on 
slow evaporation of solutions of either the 4 : 3 salt or the 7 : 6 salt. 
It forms rhombic bi]3yramids Avhich can be recrystallised unchanged ; 
a, : h : c =^-^()-9584 : 1 : ()* 7 () 83 . Twenty-three moleeulcs of water are lost 
at 100° C. It readily yields supersaturated solutions. When its 
aqueous solutions are treated with a current of carbon dioxide they 
]3rccipitatc salts which contain a larger proportion of niobic acid.^ 

7 : 6 Potassium niobate, 71x20.6X13205.271120, is precipitated by 
tlie addition of alcohol to an aqueous solution of the 4 : 3 salt. The 
]3roduct is rcdissolvcd in water and rcprecipitated severed times. 


J loc. oit. - loc. cit. 

Moissan, CovipL rmd., 1901, 133^ 20 ; Bull Soc. chim., 1902, [iiij, 27, lol 
niann, Weiss, and H.i(ai(4baiicli, Annahui, 1907, 355, 67 ; von Bolton, Zeitsch. Litk 
1907, 13, 147. 

^ Rose, Bogg. Anuulen, 1861, 113, 109 ; R\is&, ZeiUch. anorg. Chem.., l.)0-, 31, 
Manirnae, A /i n,. Ch.h/i. Bhi/';.. 1 8()(), [iv'J, 8, 20. 

Sanlussoii, Bull. Boc. rhit/i.., 1875, jii], 24, 53. ^ 7 

7 jolv, loc. clL .. 

^ Mabgnac, lor,, cit. ; Balkc and Smith, J. A/nt/'. Chem. Soc., 1908, 30, 16o^. 
^0 Balke and Smith, loc. cit. .. 

VOL. VI. : III. - 


; Muth- 
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4 : 3 Potassium niobatc, 4K 00.3X13 205. 161120, is the commonest 
of the potassium niobates. It forms large monoclinic prisms Avhich 
are isomorphous 'with 4 : 3 potassium tantalate, 4K20.3Ta205.16H20. 
Niobic acid is fused 'with from two to three times its weight of j^otassium 
carbonate in the blowpipe until carbon dioxide is no longer evolved ; 
the melt is extracted with water and the extract is either evaporated 
in vacuo or allowed to evaporate spontaneously. The crystals ellloresce 
in the air and lose twelve molecules of water of crystallisation at 100° C. 
At a red heat the salt becomes yellow but does not melt; after being 
so heated it is only partially soluble in water. ^ 

3 : 2 Potassium niobate, 3K20.2Xb205.13lT20, is obtained in rliombic 
crystals by adding excess of potassium hydroxide to a solution of the 
4 : 3 salt and evaporating slowly. It ehloresces rapidly in the air and 
loses seven molecules of water of crystallisation at 100° C.- 

2 : 1 Potassium niobate or ])otassium pyroniobate, 2 K 20 *^^ 205 - 
llIIoO, is an insoluble powder which is obtained by fusing the 1 : 2 salt 
\\uth excess of potassium carbonate and extracting the product with 
water. ^ 

5 : 2 Potassium niobate and 3 : 1 potassium niobate (the ortho-salt) 
have also been reported."^ 

Rubidium Niobates. — When niobium pentoxide is fused with 
rubidium carbonate and the melt is extracted with water, line, silky 
needles of composition 3 ltb 2 ^‘lXb 205.9 JIIoO are left behind. Con- 
centration of the nitrate yields monoclinic crystals of 4Rb 20 . 3 X 13005 . 
llHoO, which are isomorphous with the corresponding tantalum salt 
and with the corresponding ciesium niobatc and tantalate. a : b : c — 
0*8815 : 1 : 1*0491 ; ^ — 95° 53'. It slowly loses some of its water on 
exposure to air.^ 

Silver Meta niobate, Ag 20 .Xb 205 . 21100 , is obtained as a white 
precipitate by the addition of silver nitrate to an aqueous solution of 
sodium mctaniobatc. It becomes pale yellow on being dried and 
gradually darkens in sunlight.^’ Addition of dilute silver nitrate 
solution to a solution of 7 Xa 20 . 6 Xb 205 precipitates the corresponding 
silver salt, 7 Ag 20 . 6 X"b 205 . 5 lIo 0 , wdiich is a white, insoluble substance. ’ 

Sodium Niobates arc comparable to the potassium niobates. They 
dilTer in that they can be ])recipitatcd from solutions of potassium 
niobates by the action of neutral sodium salts. The usual method of 
])rc])aration consists in fusing niobium pentoxide with caustic soda in 
varying proportions and, after washing away excess of caustic soda, 
crystallising the product from water. It is to be noted, I'Lowever, tliat 
this method, in the hands of different investigators, has yielded several 
sodium niobates which differ in the relative amounts of base and acid 
present. It appears that the only sodium niobates hitherto ])repared 
which can be definitelv regarded as chemical individuals are the meta- 
salt, and the 7:6 salt, 7XaoO. 6X1)005.31 lUO or 

321100.^ The commonest potassium niobate is the 4 : 3 salt ; 4 : 3 

sodium niobate has not been })rcparcd.‘^ 

^ Mail^nac, loc. rit. ; Balkc aiul Smitli, loc. cAt. ; von John, Clitm. 'Kews, 1909, 100, 154. 

- Marij^iiac, loc. cit. ; llerinann, J. prakt. Che.vo.^ 1871, 3, 4-19; compare Bedford, 
,/ . Anicr. (An-ni. Sor., 1905, 27, 1218. 

^ SarUcsson, loc. cit. ^ llu.ss, loc. cit. ^ Balkc and Smith, loc. cit. 

Balkc and Smith, loc. cit. ' Bcdffjrd, loc. cit. 

^ Bedford, loc. (At. ; Sinith and Van Haa.ccn, J. Aincr. Chon. Aoc., 1915, 37, 1783. 

^ 8ch(jcllcr and Jahn, Anal^at, 1920, 51, 013. 
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2 : 3 Sodium niobate, 2Xa2O.3Nb2O5.9H2O, is said to have been pre- 
pared in small crystals by fusino' niobium pentoxide with caustic soda 
and extracting the melt with boiling water, ^ but Bedford - was unable 
to obtain the compound by this process. 

Sodium Metaniobate, Xa20.Nb205 or XaXb03. — Anhydrous sodium 
metaniobate is obtained in white, strongly refractive, cubic crystals by 
ignition of the 7 : 6 salt, or by fusing equimolccular proportions of niobic 
acid and sodium carbonate in a flux of sodium lluoride. Excess of 
sodium fluoride is removed from the melt with water, in which the 
niobate crystals are insoluble. Density, 4*512 to 4*559.^ Hydrated 
sodium metaniobate, X'a20.Xb205.6H20 or TIEO, is contained in the 
residue ol^tained after a fused mixture of niobium pentoxide and caustic 
soda has been extracted with a small volume of cold water, or in the 
residue obtained after boiling niobium pentoxide with caustic soda 
solution. Extraction of these residues with hot water yields small, 
glistening, triclinic crystals, which have also been obtained by the slow, 
sjjontaneous evaporation of the mother-liquors from the 7 : 6 salt. 
a:b : c==0-9550 : 1 : 0*8394 ; a=rr 20', /3-=105° 30', y-54° 7'. 

One gram of the hydrated salt dissolves in 75 cc. of water at 100^ C. 
and in 200 cc. of water at 14° C. Aqueous solutions slowly become 
cloudy on standing in the air, probably through the action of carbon 
dioxide, which precipitates the 1 : 4 salt, Xa20. 4X8205.1120. Addition 
of alcohol to the aqueous solution yields the 7 : 6 salt, 

7(X’a20.Xb205)=7Xa20.6Xb205--Xb205. 

Xiobic acid, or more probably acid niobates, remain in solution. On 
the other hand, by passing a stream of carbon dioxide through an 
ac^ucous solution of the 7 : 0 salt, the 1 : 1 salt or metaniobate is pre- 
cipitated ; these two sodium niobates hence arc mutually convertible.'^ 

7 : 6 Sodium niobate, 7Xa20. 0X8205.31 HoO or 32II2O or dOlL^O, 
is ])reparcd {a) by adding a large excess of caustic soda to a solution 
of potassium niobium oxyfluoride, ^vashing the heavy ])re- 

cipitatc of sodium niobate with cold water and crystallising the product 
from boiling w^atcr ; (5) by fusing niobium ])entoxide with about four 
times its weight of caustic soda or sodium carbonate, washing the melt 
with cold water to remove excess of caustic soda, and crystallising the 
])roduct from boiling w'atcr ; (e) by fusing niobium pentoxide with 

]v.)tassium carbonate in a gold or platinum crucible and precipitating 
the aqueous extract with sodium chloride solution. A micro-crystalline 
powder is usually obtained, but the salt crystallises in prisms Avhich can 
be dried in tlie air witliout undergoing decomposition. It is readily 
and completely soluble in water, the aqueous solutioiis a[)pc'ca'ing to 
contain the imdeeom])osed salt, because on the addition of salts of 
barium, silver or /anc, the corresponding 7 : G niobates of these metals arc 
precipitated. Treatmcait of the axpieous solution with carlxm dioxide, 
iiowevcr, precipitates the meta-salt, which is also obtained l)y spontaneous 
e\ aporation of the motlier-liqiiors from \yhicli the 7 : G salt has been 
crystallised.^ 

^ Santesson, lor,. ciL “ Bedford, loc. cil. 

Holin(|uist, ZriLscli. Kri/sl. Min.. 31, 

^ R(jj;e, loc. rd. ; doly, loc. cil. ; Santesrion, loc. cit. ; I5a]ke and ySinitli, loc. cd. ; Smith 
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3 : 4,^ 8 : 7, 6 : 5,^ 3 : 2,^ and 3:1^ sodium niobates have also been 
reported, but their identities are doubtful. 

A double sodium ammonium niobate of probable formula 5(XH4)20. 
NaoO.24Nb2O5.30n2O or [A (XH 4 ) 2 .,VXa 2 ] 0 . 4 Nb 205 . 5 H 20 has been pre- 
pared by the addition of ammonium sulphate or ammonium ehloride 
to a solution of sodium niobate.^ Similarly, addition of caustic potash 
which contains some caustic soda to a solution of potassium niobate has 
yielded a sodium potassium niobate, N’a20.3K20.3Xb 005.91-120.^ 

Thorium Niobate, 5ThO 2.16X13 005 , is prepared by adding thorium 
sulphate to a solution of potassium niobate, fusing the precipitate with 
borax and boiling the melt Avith Avater containing hydrochloric acid. 
It forms doubly refracting, prismatic needles; density 5-21.'^ 

Yttrium Niobates.— LsltssoNs method yields A^ery small needles 
of the composition Y203.3Xb205; density 4*83. The metaniobate, 
Y203.Nb205, is obtained by fusing a mixture of niobium pentoxide 
and yttrium chloride in excess of potassium chloride at a Avhite heat ; 
altcrnatiA’ely, the precipitate obtained by the addition of yttrium chloride 
to a solution of potassium niobate is fused Avith anhydrous yttrium 
chloride.^ It forms doubly refracting, Avhite octahedra: density 5*52. 
This compound is of interest in that it is probably a constituent of the 
natural yitrotantalites Siud fergusonites (see p. 120). 

Zinc Metaniobate, Zn0.Xb205, is pre23ared by Larsson’s method.^ 
It forms broAvn, ajDi^arently rhombic aggregates ; density 5-69. Addition 
of zinc sulphate to a solution of the 7 : 6 sodium salt yields a Avliite, 
insoluble precipitate of 7Zn0.6Xb205.25H20.^^ 

Zirconium Niobate . — The salt Zr 02 . 5 Xb 205 has been obtained in 
cloudy, rod-like needles, similarly to the thorium salt; density 5-14.^^ 
This salt is remarkable for its large content of acid oxide. 

In addition to the foregoing, more or less imi^ure niobates of beryllium, 
cerium, lanthanum and nickel have been pre^oared.^- 

Xiobic acid also reacts Avith hydroxylamine. When the 4 : 3 
imtassium niobate is digested for scAmral days Avith concentrated am- 
monium hydroxide and hydroxylamine hydrochloride, a precipitate 
is obtained Avhich, after being Avashed and dried, has the composition 
3XIl20II.HXb03. The same ]}Yocess frequently yields the compound 
5NH2OH.2HXbO3.H2O* These are both sparingly soluble, Avhite 
substances, AAdiich decompose explosiAmly on being heated. In contact 
Avith Avater at ordinary tem] 3 eraturcs some hydroxylamine and a little 
niobic acid pass into solution. Analogous compounds AAuth hydroxyl- 
amine are also given by vanadic acid (see p. 75), phosphoric acid, 
tungstic acid, etc.^^ 

The double salts (see pp. 146-148 and 152) that are formed from nio- 
bium oxytrifluoride, XbOF 3 , and niobium oxytrichloride, XbOCl 3 , Avitli 
the halides of the metals can in some cases also be looked upon as salts of 
niobium pentoxide. Sodium, niobium oxyjiuoride, 2N’aF.Xb0F3.2H20, 
can be Avritten Xb2O5.4XaF.6HF.H2O. These double fluorides arc 
hence alternatiAmly styled fluoroxy niobates. This name is not to be 

^ Hermann, loc. cit. “ Rose, loc. cit. ^ Bedford, loc. cit. 

Joly, loc. cit. ^ Rose, loc. cit. ^ Marignac, loc. cit. 

Larsson, Z^eiUcli. anorg. Chem., 1896, 12, 197 ; Holmquist, loc. cit. 

® Joly, loc. cit. ; Larsson, loc. cit. ^ Larsson, loc. cit. 

Bedford, loc. cit. Larsson, loc. at. ; Holmquist, loc. cit. 

Larsson, loc. cit. 

Hofmann and Kohlscli litter, Zeitsch. anorg. Chem., 1S9S, 16, 4:73. 
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preferred, because the ions which are formed in the solutions appear 
to be of the type [XbOF3.nF]^’'. The above-mentioned sodium salt, 
for instance, inost probably yields the complex ion [NbOF5]". 


Heteropoly-xiobates. 

The oxalo-niobates constitute the only well-defined scries of hetero- 
poly-niobates. Indications of the formation of salts of other heteropoly- 
acids containing complex anions depend on the following observations : 

(a) Niobium pcntoxide yields comjilex compounds with tungsten 
trioxiclc, WO 3d 

(h) Addition of potassium chromate to a solution of niobium oxy- 
trichloride yields a yello\v precipitate of complex constitution^ 

(c) The precipitation of niobic acid is hindered in the presence of 
titanic acidd 

(d) Whereas niobic acid is readily precipitated from solutions of 
niobates by the action of very weak acids, arsenic acid, citric acid, 
tartaric acid and malonic acid behave like oxalic acid and do not 
yield precipitatesd 

(e) Addition of sodium phosphate to a solution of niobium oxytri- 
cliloride or phosphoric acid to a concentrated solution of an alkali 
niobate yields a precipitate which contains both phosplioric acid and 
niobic acidd 

(/) Many complex iitano-niohates, silico-niohates, iitano-silico- 
niobates, uranijl-titanoniohates, silico-zircononiobates, and iantalo-niobaies 
occur naturally. 

Oxalo-niobates ov niobo-oxedates correspond to the vanado-oxalates, 
and contain both oxalic acid and niobic acid radicals in the complex 
anion. The only known series possesses the general formula Oll’oO. 
Nb205.6C20 3.0:1120, where R stands for an alkali metal. The sodium, 
potassium and rubidium salts are prepared by fusing one molecular 
proportion of niobium pentoxide with three molecular proportions of 
the alkali carbonate in a platinum crucible. The aqueous extract of 
the melt is poured into hot oxalic acid solution ; concentration and 
cooling, or addition of alcohol or acetone, then brings about precipitation 
of the complex salt. Comparison of the electrical conductivity measure- 
ments of solutions of the alkali oxalo-niobates with those of the alkali 
hydrogen oxalates determined under the same conditions indicates that 
the oxalo-niobates arc hydrolysed in aqueous solution, and that their 
anions contain a complex oxalo-niobic acid radical.^ 

Ammonium Oxalo -niobate, 3(XIT4)20.Nb205.GC203.3lT20, is pre- 
pared by fusing niobium pentoxide with potassium carbonate, dissolving 
the melt in water and precipitating the solution with hydrochloric acid. 
The hydrated niobic acid so obtained is then dissolved in a solution 
of ammonium hydrogen oxalate. Cooling, or addition of alcohol, yields 
beautiful, glistening crystals which, however, readily undergo hydrolysis 
in water with precipitation of niobic acid. 

Potassium Oxalo-niobate, 3K20.X"b205.6C203.4ll20, can be recrystal- 

^ Smith, Proc. Amer. Phil. Soc., 1905, 44, 158 ; Gibbs, Amer. J. Sci., 1877, [iii], 14, ()3. 

- Blomstrand, Ada Univ. Lund, 1864. 

^ Hall and Smith, Proc. Amer. Phil. Soc., 1905, 44, 195. 

Hall, loc. cit. ; Weiss and Landee.ker, Zeitsch. anorg. Chem., 1909, 64, 100. 

® Rose, Pogg. Annalen, 1861, 112, 480 ; 1861, 113, 292. 

^ Russ, Zeitsch. anorg. Cheni., 1902, 31, 42. 
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lised iincliangcd from water, and also separates on the addition of acetone 
to its a([ucous solution. It loses two molecules of water of crystal- 
lisation bcLwcen GO'" and 65 ° C. and the remainder at 150 ° €., at 
which temperature decomposition begins. When heated in a stream of 
chlorine, carbon tetrachloride, or hydrogen chloride, it leaves a residue 
of potassium chloride and niobium pentoxide. Its solution reacts acid 
towards phcnolplithalein, and yields precipitates with salts of a large 
number of metals, but not with zinc, manganese or mercuric salts. 
Attempts to prepare other potassium niobium oxalates have been 
unsuccessful. 

Rubidium Oxalo-niohate, 3Rb2O.Xb2O5.6C2O3.4H2O, is obtained in 
small needles by precipitation from its aqueous solutions with alcohol. 
It forms supersaturated solutions very readily. 

Sodium Oxalo-niobate, 3Xa20.Xb205.GC203.8Il20, is similar to the 
potassiiun salt, but displays a greater tendency to form supersaturated 
solutions. 

Barium Oxalo-niobaie, 5BaO.Xb2O5.10C2O3.20ll2O, does not belong 
to the alkali scries described above. It is prepared either by the addi- 
tion of barium chloride to a solution of potassium oxalo-niobate, or by 
digestion of a mixture of barium oxalate and hydrated niobium pentoxide 
in a solution of oxalic acid. The crystals are soluble in oxalic acid 
solution but insoluble in water and in cold hydrochloric and nitric 
acids. 

Oxalo-niobic Acid, — Attempts to prepare the normal oxalo-niobic 
acid, Xb 2(0 004)5, by the action of niobic acid on oxalic acid solutions, 
were not successful. When a large excess of oxalic acid was employed, 
crystals of a compound having the composition XT)(C 20411)5 were only 
once obtained ; when an excess of niobic acid was employed, tl\e 
comjmund Nbo05.C203.3ll20 or IIToO was formed. Roth of these 
com]X)unds are unstable in the dry state, ^ but in faintly acid solution 
oxalo-niobic acid is much more stable than oxalo-tantalic acid, which 
is ]U’cl'erentially hydrolysed by the addition of tannin. This reaction 
has recently been recommended for the separation and estimation of 
niobium and tantalum. ^ 

Pm^NionTC Acid and the Pehniohates. 

Perniobic Acid. — When niobic acid is treated with h^vlrogen 
peroxide it becomes yellow owing to the formation of a jierniobie acid, 
IIXb()4.;rH20. This com])ound has been isolated by carefully treating 
one of tlu' ]X)tassium ])erniobates, K^XboO .3II2O, with sulphuric 
acid and dialysing the mixture until it was free from both potassium 
sulphate and excess of sulphuric acid; the gelatinous product was tlien 
dried over concentrated sulphuric acid.'^ Perniobic acid, tJuis prepared, 
is an amorphous, yellow powder, insoluble in water. At ]00° C. it is 
decomposed with liberation of oxygen. Dilute sulphuric acid is without 
action on it at ordinary tcm])craturcs, but on w'arming the mixture 
decomposition ensues with jbrmatiou of hydrogen ]icroxidc. Coll- 
een 1 rated sulphuric acid liberates ozonised oxygen. The acid is much 
more stable than ])crvanadic acid, which is consistent with the general 
rule that in the same group the stability of the per-acid increases with 

^ Pois.s, loc. cit. ; Weiss and Laridecker, Zeitsch. anonj. Chon., 1909, 64, 7G. 

- Powdl and Sclioeller, Analyst, 1925, 50, 485. 

^ Melikoit and Pissarjewsky, Zeitscli. anorg. Chem., 1899, 20, 341. 
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increase in atomic weight of the element. The active oxygen content 
agrees with the formula 

IlOv .0 

>Nb< I .alUO, 

\o 

so that perniobic acid can be looked upon as being deri^^ed from 
hydrogen peroxide by replacement of a hydrogen atom by tlie NbO'g 
group : 

xb(0ii)3+no0o=xbO2.0ji+3ir.0. 

A h 3 xlrosol of perniobic acid is obLained by adding 30 per cent, 
hydrogen peroxide to niobic acid and gently warming the mixture on 
the water-bath ; the cooled j^roduct is treated in the cold with more 
hydrogen peroxide, excess of which is removed by dialysis. The 
hydrosol has the consistency of glycerine. It is converted into a yellow 
gel cither by standing for a long time or by the action of electrolytes.'^ 

Another compound of niobic acid and hydrogen ]Deroxide, of doul)tful 
constitution, has been pre]:»ared by treating a solution of nioV)ic acid 
in concentrated hydrochloric acid with 3 per cent, hydrogen peroxide. 
The mixture is allowed to stand overnight, and the yellow precipitate, 
after being washed with water and dried, has the conp^osition Xb(OII)f 5 
or X^b 205 .I-Io 02 .oH 20 . On being heated it loses water and oxygen.- 

Perniobates. — Perniobates having the general formula ll’.jXbO,,, 
where 11 stands for an alkali metal, can be prepared by the action of 
excess of hydrogen peroxide on solutions of niobates whicli also contain 
alkali hydroxide or alkali carbonate ; addition of alcohol precipitates 
the perniobates as wliite powders, which are washed with alcohol and 
ether. The rubidium and ca.'sium salts become dark on being exposed 
to the air, but otherwise the perniobates are stable in air, and they are 
not decomposed in cold aqueous solution. Addition of sulphuric acid 
docs not yield a precipitate in the cold, but on boiling, a yellow precipi- 
tate, which is probably niobium pcrliydroxide, is thrown down and 
oxygen is evolved.*^ Tlic ibilowing constitutional formula has been 
ascribed to the ])crniobatcs : 

ROOx /O 
ROO-^Xb< I 
ROOA 

but the evidence for this formula is weak. In addition to this scries 
the only well-defined ]X‘rniobate is the ])otassium salt, K^jXboO^ j.3l I oO. 

Th(^ following ])erniol)atcs arc known : 

Fotdsyiiuii Perniobate, K .jXboO j j^.31 1 oO, is })reparcd by treating the 
saturated acpicous extract from the fusion of niobium pentoxide and 
excess of caustic potash with hydrogen ])croxide in small (piantity, 
warming gently on the watcr-batln and filtering; more hydrogen 
peroxide is added to the filtrate, whicli is precipitated with alcohol ; 
the precipitate is treated in aqueous solution with more hydrogen 
peroxide, caustic jmtash, and alcoliol. It forms a soluble, wliitc jiowder, 
which evolves oxygen on licing warmed : dilute sulphuric acid ]irodiices 

‘ Melilcol'f and Pissarjowsky, J. ./?//.«. Xor... 190:g 35 , dST. 

“ Mali and Sinilli, J*roc. Amo.r. Pldl. Poc.^ 190d, 44 , 209 ; J. Ainor. Chcr/t.. So<\, 1905, 
27, 1400. 
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liydroo'cn peroxide, and concentrated sul))liuric acid produces ozonised 
oxygen. Analysis shows that the ratio IV2O : Xb205 : active oxvgen is 
2:1: L Ironi which result the salt can be looked upon as the potassium 
salt ot -pijro-jjerniohic acid, 


KOO^ 

KO 


>Nb< 

I 

O 


0 

1 

o 


KO 

KOO 



Wlum the salt is allowed to remain in solution for some time it slowly 
})recipitates another potassium perniobate, tlie composition of which 
closely approximates to the formula KXb04..Tn20. 

P()fas\siuni Perfiiohate, KgXbOj., is prepared by the action of caustic 
potash and d ])cr cent, hydrogen peroxide on 4 : 3 potassium niobate. 
It yields tc'tragonal crystals. 

Sodiu))) Perniobate, Xa^XbO,,, is obtained as a white powder by the 
action oC (aiustic soda and 3 ])er cent, hydrogen peroxide on 7 : G sodium 
niobatce 

Ihibidriita Pootiobaie, llb.^XbOj^, is obtained as a wliite, crystalline 
}>owdt*r by tlu^ action of rubidium carbonate and excess of hydrogen 
p(‘ro\i(l(‘ on t ; .3 rubidium niol)ate. 

( '(rsiani Pcr)ilobate, ks.^XbOg, isprepared similarly to therubidiumsalt. 

Tlu‘ following (loiihle 'per)iiobaies have also been isolated : KCaXbO^. 
•MU>() ; XaXhiNbO, .14120 ; KMgXbOg.TlI oO ; RbMgXbOg.niloO' ; 
XaMgXI)(),.Sil2() ; CsMgXb(),.Sll20. 

Niobium Peroxyfiuoricles or Fluoroxyperniobates. — Like niobic 
acid, the alkali niobium oxy lluoridcs have the ])ro])erty of taking up 
acli\’(‘ oxyg('n by reaction with hydrogen ])croxide. 

Potass} am Niobium Pcrc.ri/jlnorlde.- When ])otassium niobium oxy- 
lluoridia K oNbt )F-.I UO, is dissolved in 3 per cent, hydrogen ])eroxide, 
line, white, greasy hadlclx of potassium iiiobium ])croxylluoridc or 
potass} a m jluoroA'ifpcniioIxitc, KoXbO.^Fs-I I oO or 2KF.XbO2F3.H2O, 
arc oblaimsi. This compound is stable in dry air. At 100° C. it loses 
water <md at I oO ' U. it los(*s oxygen. Its aqueous solutions decompose 
only \ (‘ry slowly ; t he solul)ilit y is decreased by the addition of hydrogen 
{)cro\id(‘ and inert'asc'd by the addition of hydroiluoric acid.^ 

Sod la /a Slob'nim Peroxijjluoride or sodiam Jli.ajroappcr niobate, 
Na.jXhO^F,;. i L4) or 3Xa F.Xb()2F.5.1 1 2O, is ])re]nired by the action 
o(‘ }iydrog(m jx-roxich' on sodium niobium oxylluoride, dX^aF.XbOFg. 
It forms v(‘liow, almost t ra.ns})arent crystals, which become cloudy 
on (‘xposure t.o the* air.- 

Pal)} (Ham N}ol)}uni PcroxijJhioride or rubidimn Jluor ox ijper niobate, 
Hb.^XbOoI^^.HoO or 2RbF.Xb()2F;j.ll20, is obtained similarly, as thin, 
yellow plat(‘s, IVom rubidium niobium oxylluoride, 2RbF.XbOF3.^ 


Nioutt^m and Sulphur. 

Sulphides. l)(4inite sulphides of niobium have not been })repared. 
Solutions of alkali niobatc's do not yield ])recipitates with hydrogen 

‘ laccini, Zciiscli. (ui())'(j. Che.m., IS92, 2, 22 ; Hall and Smith, loc. n.t. 

" lialk(‘ and Smith, luc. cd. ^ Balke and Smith, loc. ciL 
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sulphide or alkali sulphides^ but some evidence of the formation of 
sulphides in the dry way has been obtained. When metallic niobium 
is heated with sulphur, direct combination takes place with the forma- 
tion of a black powder, which is probabl^^ the disulphide, NbSo.^ This 
compound is perhaps also formed by burning the hydride in sulphur 
vapour,^ or by the action at high temperatures of the mixed vapours 
of carbon bisulphide and hydrogen suljDhide on niobium pentoxide.'^ 
The analytical data for these preparations are not, however, conclusive. 

Oxysulphides. — The action of carbon bisulphide vapour or hy- 
drogen sulpliide on niobium pentoxide, sodium niobate or niobium 
oxytricliloride gives rise to a black powder which assumes a metallic 
appearance on being rubbed, and which conducts electricity well. This 
is probably an oxysulphide of niobium, Xb^O^S,, but its exact composi- 
tion varies with the experimental conditions, and its individuality is a 
matter of doubt. ^ Oxysulphides of niobium of doubtful composition, 
mixed with potassium sulphide, are also produced by the action of carbon 
bisulphide vapour on potassium oxalo-niobate.^ 

Sulphates. — Electrolytic reduction of solutions of niobic acid in 
sulphuric acid furnishes solutions which contain the niobium cither as 
NboO^ or XbgO-, according to the experimental conditions, but no 
sulphates of niobium have been isolated from these solutions. Rcddisli- 
brown crystals of an ammoniiim niobium sulj^hate, which have the 
probable composition (NH4)2S04.Nb2(S04)3.GlT20, have, however, been 
prepared by electrolytic reduction, as well as an acid ammioiium 
niobium sulphate, (XIT4)2S04.Xb2{S04)3.n2S04.6H20. The latter is 
a brown powder which is somewhat stable in a dry atmosphere. It 
dissolves in water to give a brown solution which oxidises ra])idly, 
becoming successively blue, green, and finally colourless ; addition of 
ammonium hydroxide or hydrochloric acid produces a blue coloration 
immediately.'^ 

Evaporation of a solution of niobium oxysulphide in sul])luiric acid 
and heating to 340° C. yields a compound of the composition 'Sh 
winch can be alternatively written Xb02.S04.X))02, he. as h.ypoaiobic 
sulphate. At 420^ C. the product has the composition 2X1)003.^03.^ 

XiOMUM AXD X^ITJIOGUX. 

The absorption of nitrogen by metallic niobium under difl'ercnt con- 
ditions ol temperature and pressure has not been investigated. Two 
substances have, however, been prepared, to which the rormnla^ X])X 
and X 1)3X3 have been ascribed, from their analytical data. 

Niobium Mononitride, X^bX^, is obtaiiu'd by lumting a mixture 
of niobium pentoxide and lam])black in an atmosphere of nitrogen at 

‘ W'ci.ss and Landocker, ZtiUch.. auorg. Cheoi,., 1901), 64, 72. 

“ von Bolton, ZeiLsch. hlektronkenh.. 1907, 13, .148. 

Ivrnsri and XiUon, 1887, 20, 1691. 

Biltz and Voigt, ZeiUch,. anorg. Cham.., 1022, 120, 76 ; Ikltz and (Omder, Bor., 
1907, 40, ^908 ; coinpai'c Buss, Z^tUsch. (Uiorg . Che/m., 1902, 31, 81. 

Boso, Bogg. Annalen, J 860, iii, 198; Delalontaino, ^Irch. Sc/., phgs. nai., ISGO, 
Lii], 27, 17.G ; Rainnielsberg, ,/. gimlet. Chern., 1869, 108, 9.7; Hermann, ibid., 1871, 3, 
898 ; Bdtz and ivirclicr, Ber., J910, 43, J64n. 
lac. at. 

‘ Sta}d(n-, Bar., 1914,47,842; Ott, D B.'^ertation {^^umch, 1911); ZoUsrh. BUdclwrliern:, 
1912, 18, 849. 
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temperatures between 1200° and 1300° C. It is a bright grey powder 
with a yellowisii lustre, melting at 2300° abs. ; density 8*1. The specific 
electrical resistance is 2xi0~'^ ohms per cc. at room temperature and 
4-5XlO~'^ ohms per cc. at the melting-point. It is insolulhe in all acids 
and in aqua-regia. On being heated it loses much of its nitrogen content, 
even when heated in an atmosj)here of nitrogen. ^Vhen heated either 
in air or mixed with copper oxide it forms niobium pentoxidc. Its 
crystal structure has been studied b}-^ the Debye-Scherrer method.^ 

Triniobium Pentanitride, Nb 3 X 5 , has been obtained by the action 
of ammonia gas on an ether solution of niobium pentachloridc,^ but 
it is most conveniently prepared synthetically. Finely powdered 
niobium is subjected to prolonged heating at about 1000° C. in an 
atmosphere of pure, dry nitrogen. It is a black powder which is stable 
in the air. On being heated in air it glows and forms the pentoxide, 
but it is not oxidised by lead chromate even at high temperatures. It 
is not attacked by boiling water, hydrochloric, nitric or sulpliuric acids. 
Boiling caustic potash solutions are also without action on it, but molten 
caustic potash decomposes it with the evolution of ammonia.'^ 

Other nitrides of niobium of doubtful composition have been obtained 
by the action of ammonia on niobium j^entoxide,^ niobium oxychloride'" 
and niobium pentachloride. 

Ferrocyanides. — As might be anticipated from its very weakly 
acid nature, niobium pentoxide does not give rise to any eyauides. By 
the action of h 3 '^drochIoric acid and potassium ferrocyanide on solu- 
tions of niobic acid, three brown powders have been obtained. The 
following are some of the formukc that have been allotted to them : 
KXb[Fe(C.X),],; KoXb,o[Fe(CX)c] ; K,(XbO) 5 .[Fe(CX)J,.l()lIoO ; but 
the evidence for these is weak.^ 

XioBiuM AND Carbon. 

iMetallie niobium in the molten state absorlDS graphite slowly to 
yield carbides of unknown composition. These are insoluble in all acids, 
including liydrofluoric acid, and are brittle and very hard ; they scratch 
quartz and glass. Reduction of niobium pentoxide with carbon in 
the electric furnace gives rise to similar products.® A definite carbide 
having the composition XbC has recently been prcjnired by heating 
niobium sesquioxide, XboOg, mixed with carbon, in hydrogen at 1200° C. 
It is a greyish-violet powder which melts at about 3050° abs. Its hard- 
ness after fusion lies between 9 and 10. Its specific electrical resistance 
at ordinary temperatures is 1-47x10“^ ohms per cc. Its density is 
7-50.^ The crystal structure has been studied by the Dcbyc-Schcrrcr 

^ Friedcrich and. Sittig, Zeitsch. anorg. Cha^n,., 1925, 143, 29.3 ; Lriectn'ich, ZeiUcJi, 
Physih, 1925, 31, 813 ; Becker and Ebert, ibid., 1925, 31, 268. 

- Hall and Smith, Proc. A?/ier. Phil. Soc., 1905, 44, 203; J. A/ncr. Chtin. Hoc., 1905, 
27, 1395. 

^ Miithmann, Weiss, and Ricdelbaucli, AnnaUn, 1907, 355, 92 ; Moissan, Comyl. 
rend., 1901, 133, 20. 

Rose, Pogg. Annahn, 1860, in, 426, 429. 

doly, A 'li'iialcs HcAenLifiques da VEcolc Norrmle Sn.pericurp, /V/?7.v, 1877, [ii ], 6, 151. 

AVArouboit, Ann. Chim. Pkijs., 1870, [v], 8, 444; Atterberg, JHiU. Hoc. 1875, 

[ii], 24, 355; compare A\7i.ss and Land('cker, Zeitsch. anorg. Chenh., 19o9, 64, 100. 

' Moissan, loc. cAt.-, Bull. Hoc. chim., 1902, [iii], 27, 431. 

^ von Bolton, ZeAUch. Eleldrocheni., 1907, 13, 145. 

1: riedcricli and Sittig, Zeitsch. anorg. Cheni., 1925, 144, 169; co7npn,T e Becker and 
Ebert, ZcAtsch. Physik, 1925, 31, 268. 



COMPOU]\^DS OF NIOBIUM. 


171 


method. Long, dark blue needles of a carbide having the same com- 
]:>osition v'cre also olDtained by heating a mixture of potassium niobate, 
K 20 . 3 Nb 2055 ]3otassium carbonate and sugar ciiarcoal to a high tem- 
perature in a graphite crucible. The product was purified by washing 
with sulphuric acid and water.^ 

The last-mentioned reaction at lower temperatures has also 
furnished greyish-violet crystalline niobium compounds containing both 
carbon and nitrogcnp and which appear to contain varying pro]:)ortions 
of nitride a^id carbide of niobium. 

A substance A^dlich had the probable composition XboO^.X^C was 
obtained as a black powder by the action of cyanogen on niobium 
pentoxide at a red heat.^ 

Nioho-oxalates are described on p. 165. 


^ Joly, Annahs Scientifirjv.es de VErole Xormale Sv.pcrievrr, Paris, .1877, [ii], 6 , 142. 
- Joly, loc. cit. ; BvlL Soc. chrm., 1S7G, [ii], 25 , JOG. 

^ Rose, Po(j(j. Anvalcn, 1800, iii, 427. 



CHAPTER VIII. 


TANTALUM AND ITS ALLOYS. 

S\nTibol, Ta. Atomic Weight, 181*8 (0~16). 

Preparation of Metallic Taiit-alum. — For the industrial prepara- 
tion ol‘ tantalum a tantalite is used which contains at least 60 per cent. 
oT tantalum ])cntoxidc and tlic minimum quantity of titanium.^ The 
finely ])ulveriscd mineral is liiscd witli either caustic potash or potassium 
liydrogen sul])hatc. In the idrmcr ease the aqueous extract contains 
potassium tantalate and ])otassium niobatc, which undergo hydrolysis 
and ])recii)itate mixed tantalic and niobic acids when boiled with 
sulplmric or nitric acid ; in the latter case the mixed tantalic and 
niobic acids arc leCt in the insoluble residue alter extraction with water, 
d’he niobium is removed - by dissolving tlie mixed acids in hydrolluoric 
acid ; suilicicnt [)otassium (luoride is then added to ])roduce the double 
lluoridc's, Kod'aE^ and KoNbOEr^.HoO, which are then separated by 
r(‘j)cat(*d j’ractional crysl allisation. C’onsiderable secrecy lias been 
inainlaincal coiu'criiing tJie dcdails ol the large-scale processes employed 
f.o c'onvert jiotassium tantalum lluorid(‘, or the tantalum jDcntoxidc 
obtaimal IVom it by hydrolysis, into nudallie tantalum which ])ossesses 
good nu'chanieal propcadies. It is unckn'stood, however, that reduction 
is chcadi'd by oin^ ol Ihc^ lollowing methods : (] ) The double lluoride is 
iiea.lc'd witli potassium or sodium at a high temperature ; the ])rodiiet 
is waslusi with water and mineral acid, jirctssed into rods and lused in 
an ch'cl.rically h(*at(‘(l vacuum liirnace, whereby all traces ol inqinrities 
ar(' removaal and a, diudih* mal(*rial is obt aiiuai.*^ (2) The molten double 
fluoride is eh'ct rolyscal betwecai an anode ol impure tantalum and a 
calbod(‘ ol j)ur(‘ 1 ant alum, or ol ot.lua’ condue,tive and inert material, 
in a N'cssel made ol tantalum pent.oxiika magnc'sia, or other relractory 
substainaa* jiroduel, is fused in a. \'acuum lurnace as in the previous 

{ ) !'( )('C‘SS. 

Tantalum can also lx* j)r(‘j)ared in small quantities hy jiassing an 
alt. (‘mating ck-ctim* (au’rent througli rods ol laid alum dioxide (see ]). 1 90) 


‘ Anal yt i(;al dai a of sa in jjIcs oi i )i'(‘ nt iliscd on tin- (a )nH niTciai sod(; are .set out on p. 111), 
in prodiictM [u'oduccd dining liu* wa u-king-u [i ot lh(‘ raa'i* (sirth.s lor cerium and tliurium 
(•oiupoiiiids lor use in tin* inaniifactuia- ol incandcscmit nuiiitlcs, as W’l'li as lyy-jiroducts 
from ccrlairi (in and tungsten ores, ari* also available as S(mr(t(‘S (jf tantalum. 

•’ d’iu' \'a.rious methods available for (he rinuoval of nudals othcu' than nioliiuin arc 
(liseusst'd on pp. lgl ('{ sifj, 

•' ner/(dius, I'o'Ji/- Animfoi, 1 Sg."), 4, 10; von itilton, ZvlLm'Ii . FJclctwciiv'in.., IbOn, II, 
‘lb; CcrnKitt Fdl. Ibbb-lS (11)0;“)); J . ('ftr/n. For.., Abd., 1 1)05, 88, [ii j, l)f> ; Biilkc, Fhcm, 
M<t. A’m/., 11)22, 26, 1272; A. f ruL Fur/. (Airm., 11)2.2, 15, 500. 
li.s' Pat. 1)171)8.2 (1910); Png. Put. 2-122^1 (190(3). 
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sealed into a glass bulb in which a good vacuum is maintained during 
the heating.^ This is not, however, an industrial process. 

The malleability and ductility ol tantalum are destroyed by the 
presence of even traces of foreign bodies ; OT j^er cent, of carbon, for 
instance, renders the material brittle. Older laboratory reactions 
which gave rise to more or less pure tantalum deficient in mechanical 
properties consisted in reducing tantalum pentoxide with “ mixed 
metal “ (see p. 134) or with carbon in the electric furna.ce; ^ the equili- 
brium conditions of the reduction of tantalum pentoxide by carbon at 
high temperatures have been investigated by Slade and Lligson.^ The 
thermite process yields an alloy of tantalum and aluminium.^ 

Colloidal Tantalum. — A sol of tantalum has been prepared by spark- 
ing tantalum electrodes immersed in i.s-obutyl alcohol using an induction 
coil. Tlie sol appears brownish-black by transmitted light and black 
by reflected light ; it keeps only for one to two weeks. ^ 

Physical Properties.^ — Tantalum is a white metal with a greyish 
tinge and is very similar to platinum in colour and general appearance. 
When it is heated to 3 000° C. in vacuo it assumes a crystalline form.^ 
Examination of the powdered metal by X-ray analysis has shown that 
the arrangement of the atoms is on the plan of a body-centred cube of 
side 3-272 A, obtained by dividing the space of a crystal into equal 
closely packed cubes and placing an atom at each cube corner and 
each cube centre ; the distance between the nearest atoms is 2-833 A.^ 
The specihe gravity of the fused metal is 16-6 ; a sample drawn into wire 
0-05 mm. diameter had a density of 16-5 the density calculated from 
X-ray data is 17-09.^^ 

Pure tantalum possesses valuable mechanical properties, in which 
it closely resembles molybdenum and tungsten. It can be worked in 
the cold state to a remarkable extent without being previously annealed, 
although it is subject to strain-hardening, much like co]>pcr and silver. 
Photomicrographs of cold-workcd and annealed tantalum are given in 
the reference cited. The metal can be rolled into sheet 0*1 mm. thick or 
even Icss,^'^ and can be drawn into filament wire ()*()3 mm. diameter. Tlie 
ultimate tensile strength of the hard-drawn wire (0-08 mm. diameter) 
is 93 kilograms per square millimetre or 57 tons per square inch ; tins 
ligurc increases as the diameter of the wire diminishes, reaching 3 50 
to IGO kilograms per square millimetre for wire 0-05 mm. thick, which 
is considerably higher than the value for liard-drawn copper, nickel, or 
platinum ; the tensile strengtli of a carbon steel containing 0-89 per cent, 
of carbon is about 52 tons per square inch. Young’s modulus of elasti- 
city for tantalum wire (0-08 mrn. diameter) in kilograms ])cr square 

^ von Bolton, loo. cit. 

“ Weiss and Aieliel, An7iakn, 1904, 337, 370 ; Muthiuann, Weiss, and Ricdelbaucli, 
ibid., 1007, 355, 08, 

^ Moissan, Compt. rimd., 1002, 134, 211 ; Bull. Sor. chim., 1902, pi], 27, 431. 

^ Slade and Higson, J. Okem. Soc., 1910, 115, 211. 

^ Goldsclimidt and Lautin, J. iSoc. Chmi. Ind., 1S9S, 17, 513 ; von J^olton, loc. oil. 

'> Svedberg, Ber., 1906, 39, 1705 ; see also Eng. Bat. 25S61 (1900) : Brench Bat. 
371799 (lOOG); German Bat. 281305 (1913). 

’ von Bolton, Zcitsch. EleHioc.limn.. 1905. ii, 45, 503, 722: Siemens, Cliom. Nems, 
1009, 100, 223 ; Bailee, Cham.. .Met. Bug., 1022, 27, 1271. 

A photomierograph is given by JelTriias, Engnittrimj, 10 IS, 106, 240. 

•' Hull, JB-oc. Amar. Inst. Elec. Engineers, 1919, 38, 1445 ; Bhys. Beviciv, 1921, 17, 571. 

Sec also Hinrichsen and Salilbom, Ber., 1900, 39? 2005. 

Hull, loc. cit. Jeffries, loc. cit. Eng. Bat. 247507 (1925). 
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millimetre is 19,000. The Brinell hardness number is 46, compared with 
290 for tungsten, 147 for molybdenum, and from 100 to 300 for steels ; ^ 
the hardness is increased by the addition of small quantities of silicon, 
carbon, boron, aluminium, tin or titanium, and by traces of oxygen. 
When heated to redness and hammered, the metal becomes so hard through 
the formation of an oxide film that a diamond will not scratch it,^ and at 
the same time it retains its toughness.^ When heated in a poor vacuum, 
tantalum becomes very brittle and is easily powdered ; its ductility 
and toughness are restored by heating in a good vacuum to a white 
heat.^ The compressibility under pressure has been determined ; ^ the 
average fractional change in volume caused by 1 megabar pressure ^ 
between applications of 100 and 500 megabars at 20° C. is 0-54 X 10“^. 
The linear coefficient of expansion per ° C. from 0° to 400° C. is approxi- 
mately 6*46x10“^, as determined with a Fizeau dilatometer ; ^ this 
figure is less than that given by platinum and enables tantalum to be 
fused into glass. An earlier determination® over the range 0° to 50° C. 
gave a linear expansion of 7*9 xl0~®. The cubical coefficient of expan- 
sion is 24x10“^; the atomic volume is 10*9, and the calculated in- 
ternal pressure of the atom, using the last two figures, is 455,000 
megabars.^^ 

The melting-point of tantalum lies between 2850° and 3000° C. ; 
the most recent determinations are: 2798° C.,^^ 2850° C.,^^ 2910° C.,^^ 
3000° 3030° The specific heat in calories per gram per 

degree between 16° and 100° C. is 0-0365, and increases at higher 
temperatures ; the coefficient of thermal conductivity is 0-130 calories 
per cc. at 17° C. and 0-129 calories at 100° Tantalum displays 

weak paramagnetism ; the magnetic susceptibility decreases with 
the temperature.^^ The electrical behaviour of tantalum has received 
considerable attention because of its application in the manufacture 
of electric lamps. The electrical resistance of 1 cc. of a sample which 
had been well annealed by heating for a period of between 100 and 200 
liours in vacuo at 1900° C. was 14*6 microhms at 20° C. ; the corre- 
sponding figure for copper is 1-87. The electrical resistance increases 
with increase in temperature ; the variation over the range from 


^ Engle, Tram'. Amer. Inst. Min. Met. Eng.. 1925, 71, 691. 

- ( rrove-Palmer, Metallurgist (Supplement to The Engineer), 1927, 3, 185. 

^ The Engineer, 1908, 106, 297. 

Tiede and Birnbraucr, Zeitsch. anorg. Cheni., 1914, 87, MS. 

^ Eichards and Bartlett, J. Amer. Cliem. Soc., 1915, 37, •180. 

° One megabar equals 0-987 of ‘‘ an atmosphere.” 

' J-lisch, Zeitsch. Fhysih, 1921, 5, 173 ; compare Wortliinu, Phys. Reuievj, 1926, 
28, 200. 

^ von Bolton, loc. cit. 

^ Eichards, J. Amer. Ohem. Soc., 1924, 46, 1419. 

Richards, ibid., 1926, 48, 3076. 

Eorsythe, Astrophys. J., 1911, 34, 353; Engineering, 1912, 93, 189. 

Pirani and Clever, Verh. Dent, physihal. Gcs., Ejii, 13, 540; Engineer ing, 1912, 
94, 364. 

Whiidner and Burgess, J. Physique, 1907, 6, 380. 

Pirani, Verh. dJeut. physikal. Oes., 1910, 12, 301. 

W'orthing, Phys. Rericir, 1926, 28, 181. 

Bai'ratt and \Vinter, .I/m. iSiy.nb, 1925, [iv], 77, 5 ; see also Wortliing, loc. cit. 
looting, Cheni,. Xeu's, 1914, 109, 122; Owen, Ann,. Physil:, 1912, [ivj, 37, 657, 
666, 698- 

Pirani, Zeitsch. Elehtrochern., 1907, 13, 344; compare Becheux, Conipt. rend., 1911, 
153, 1140 ; Seliulzc, Zeitsch. f nr. MetalLEunde, 1923, 15, 33. 
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—180° to 2000° C. has been measured by Piranid At 2000° C. the 
resistance is more tlian six times that at room temperatures ; at —180° 
C. it is reduced to approximately one-third. The inllueiiee on the 
electrical conductivity of pressures varying from 700 to 2000 atmospheres 
has also been measured.- For an investigation of the Hall elfeet and 
allied phenomena, see the reference cited.-*^ Tantalum has been em- 
ployed as one of the elements in thermocoujdes, with cop})cr or tungsten 
as the other element ; ^ a tantalum/tungsten thermocouple is stated to 
be four times as sensitive as platinum/platinum-rhodium. 

Optical Properties. — The refractive index of tantalum is 2*05, 
the coefficient of absorption 2-31, and the rellcxion capacity tS-S per 
cent, when measured with yellow light of wave-length A — 5790.^ The 
spectral emissivity and the radiation intensity and their variation 
with temperature have been measured by Worthing.^ For a comparison 
of the radiation constants ot tantalum, platinum, osmium and carbon, 
see the references cited. The llainc spectrum of tantalum between 
carbon electrodes consists of a blue cone with a reddish-yellow edge.^ 

The strongest lines in the arc spectrum of tantalum from wave-length 
7000 A to wave-length 3000 A, and their relative intensities, are set out 
in the table on p. 176.^ 

The spark spectrum of tantalum has been examined from wave-length 
4700 A to wave length 2180 A.^^ The strongest lines and their relative 
intensities are set out in the table on p. 176. 

The visible portion of the spark spectrum between tantalum electrodes 
is very weak, and the individual lines are measureablc only Avith dilli- 
culty.ii The lines between A=2000 and A=4700 in the spectrum of the 
spark discharge under water are the same as in air, unlike most other 
inetals.^- 

In order to be able to establish spectrographically the j^rescnce of 
traces of a foreign clement in a substance, dc Gramont determined 
which of the lines in the spectrum produced by a condensed s])ark dis- 
charge arc the last to disappear as the quantity of rorcign element is 
gradually reduced. The ultimate lines given by tantalum in this manner 
hav'c the following wave-lengths, expressed in Angstrom units (a) In 

^ Tirani, Verh. Dent, phi/sikal Ges., .1910, I 2 , 535; sec also JAchcaix, loc. cit. ; 
AVorllung, J.^hys. Rtvieic, 1026, 28 , 197; Beckman, Phynikdl. ZeiPch., 1917, 18 , 507; 
llolborn, A^in. Phynik, 1919, 59 , 145; Bridgman, Proc. Nat. Acad. Sci., 1917, 3 , 10. 

“ Beckmann, loc. cit. 

^ Smith, Jdiys. Revicn\ 1916, 8 , 79. 

VVortliing, ibid., 1912, 34 , 153 ; Morugina, Zeitsch. tech. Phys., 1926, 7 , 488. 

■’ VV arten bt'i'g, Verh. Dent, -physikal. O/c-?., 1910, 12 , 105. 

^Vorthing, Pliys. Jieuieiv, 1926, 28 , 174. 

‘ Coblentz, Bulletin Bureau of Btandaods, W aiikiixjton, 1909, 5 , No. 3, 339 ; Jolley, 
The FAccirician, 1909, 63 , 700, 755 ; Lavender, ibid., 1909, 64 , 306 ; Paterson, ibid., 1916, 
77 , 822. 

Mott, Trans. Anier. Blectrochcjn. Soc., 1917, 31 , 272. 

•* Ldcr and Vhilcnta, Sitz'urufsbcr. K. Aha,d. Itvs'.s. Wien, 1910, 119 ? 582; IXnco- and 
Hasclick, ibid., 1898, 107 , 813 ; Josewski, ZciPch. Photocluan., 1918, 17 , 85 ; Putteii 
and Moi'sch, ibid., 1905, 3 , 181 ; see also StaTiley, Line--^ in the Arc S])cctra of JAonoUs 
(Adam Ililgcr, Ltd., London, 1911). 

Exncr and Hasclxck, loc. cit. ; B.A. Beywrts, 1908, 119. 

Eder and Valenta, Aitzungsber. K. Akad. IPzks-.s*. W'ien, 1909, 118 , 1902. 

IvoiKm and Linger, ZeiL^ch. KUktrochern.., 1909, 15 , 105; Konen, Zeitsch. vl.^s. 
Photoche.m.. 19o9, 7 , 329 ; coin]»are Allin and Ireton, Trans. Hoy. Soc. Canada, 1927, 
[hi], 21 , 127. 

de (Iraniont, Convpt. rend., 1920, 171 , 1 106 ; Twyman, W aveAcngih Tables for tipeclrum 
Analysis (Adam Idilgcr, Ltd., London), 1923, 84. 
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ARC SPECTRUM OF TANTALUM. 


Wave-length. 

Relative 
Intensity 
of Line. 

Wave-length. 
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Intensity 
of Line. 

Wave-length. 
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Intensity , 
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4 
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1 
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SPARK SPECTRUM OF TANTALUM. 


Wave-length. 

Relative 
Intensity 
of Line. 

Wave-length. 

Relative 
Intensity 
of Line. 
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Intensity 
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the visible region, 6045*5 and 5997*4 ; {h) using' a crown Uviol spectro- 
graph, 3631*9, 3406*9, 3318*8, 3311*2 ; (c) using a quartz spectrograph, 
2963*3. 

The X-ray spectra of tantalum have been investigated.^ The 
emission of electrons C'rom tantalum when heated to higli temperatures 
has received considerable investigation.^ Electron emission from the 
cold metal has been studied by Rother,-^ and the arrangement of electron 
groups in the atom by Lessheim and Samuel."^ Tantalum is not 
radioactive.^ 

Chemical Properties.^ — Tantalum is not affected by air or moisture 
at ordinary temperatures and does not “rust.” When the metal is 
heated in the form of sheet or thick wire in air it becomes yellow- at 
about 400'^ C.,' and wnth increasing temperature blue, and finally black. 
Above a dull red lieat a fdm of the white pentoxide is produced, which 
to a large extent prevents further oxidation. Very thin tantalum wire 
can, liowevcr, be ignited in air by a match. In oxygen tantalum wire 
glow's w'ithout flame at a white heat, and yields the pentoxide if the 
pressure of oxygen is greater than 20 mm. The reaction, 

4Ta +50 2 ^^=^ 2Ta 0O5 

ap])ears to be reversible, and proceeds completely from right to left 
in vacuo at high temperatures ; this enables pure tantalum metal to 
l)e produced directly from the pentoxide (see p. 172). Tantalum absorbs 
large volumes oi' hydrogen when heated in the gas, and yields a brittle 
])roduct even when the amount of hydrogen present is less than 0*1 
per cent. ; ^ tire absorbed gas is completely removed by fusion in a 
good vacuum. Tantalum also absorbs nitrogen and, in minute quanti- 
ties, helium and argon. It reacts slowly with sulphur and selenium, 
with probable formation of the svdphide and selenide ; hydrogen 
sul})hide is without action at 600° Tantalum is attacked readily 

by iluorinc,'*'* and burns when gently heated in chlorine, the penta- 

J Tor llu; results of tlie cxainination of K, L, and M scries of the high-frequency 
spectra, of tantalum, see the following rLfcrences. Iv series: (iabrora, (JonhpL rc-iirl, 
102:1, 176, 740; ilechou, ihld., 102;"), 180, 1107; Stc])]ienson and Cork, r/iy.s. Revim\ 
102(), 27, 1;1S, 5:10. h series: Moseley, Phil. Mag., 1914, [vi], 27, 710; Siegbalni ami 
hriinan, ibid., 1010, [vi), 32, 47; Ann. Pkydik, 1010, [iv], 49, OKi ; Scliror, djid., 1920, 
[iv], 80, 207; Coster, Cornpl. rend., 1021, 173, 77; Auger and L)auvillier, ibid., 1023, 
176, 1207; Coster, Pliys. Pavie/w, J922, [iij, 19, 20; Cork, Und., 102.3, pi], 21, 320; 
WTnnerlol', Zc/iUch. Physilc, 1027, 41, 524; Nisliiiia, Phil. Mdg., 1925, [vi], 49, 521. 
51 series: Stenstroin, Ann. Phyaih, 1018, [iv], 57, 347; Dauviilku-, Compt. rc.Hd., 1920, 
183, 103 ; lljahnar, Ztitsch. .IPiysilc, 1923, 15, 05. 

“ Hark('r and Kaye, Proo. Poy. Poc., 1913, A, 88, 522; Morion and Davies, ibid., 
1010, A, 95, 333; Hoy, ibid., 1020, A, 112, 509; Rodcbusli, d. Arner. Chrni. Poo., 1923, 
45, 907 ; Dushiuan, Howe, Hwald, aiid Kidner, Phy><. Pc.rio.v', 1025, 25, 338 ; Dushrnari, 
ibid:., 1023, 21, 023; Sulirinann, Zoitsch. Physih, 1023, 13, 17, .312; H ulltunaim. Ann. 
Physik, 1014, [ivf, 52, 810 ; Spanner, ibid., 1024, 75, 000 ; Hyck', Elactrkal World, 1010, 
55, 1054. 

^ Hothcr, Ann. Physih, 1026, 81, :117. 

’ Lc'sshciin and Sarniicl, Zeitsch. Fhysih, 1920, 40, 220. 

8tron<z, Arner. Chom. J., 1900, 42, 147 ; Harkins and Cuy, Proo. Acad. Washington, 
1025, II, 028. 

^ von Holton, ZcAtsch. Elektrocheni:, 1905, ii, 45, 722. 

' Conif)arc Balke, Chom. M(d. Eng., 1922, 27, 1272. 

^ Ostcrhcld, Zeitsoh. Elchlrochem., 19J3, 19, 585. 

Sieverts and Bergner, Per., 1912, 45, 2576. 

Moissan, Compd. rc:nd., 1902, 134, 212. 

” Buff and Soliillcr, Bor., 1909, 42, 494. 
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halide being formed in eacli case ; it can be made to combine with 
bromine, but does not react with iodine. Solutions of chlorine are also 
without action, but carbonyl chloride attacks the metal. The red-hot 
powder decomposes water with liberation of hydrogen. 

Tantalum is remarkably resistant to corrosion ])y acids, and is, in 
fact, referred to as a noble ” metal. It is not attacked by hydro- 
chloric acid, nitric acid or aqua-regia, whether hot or cold, dilute or 
concentrated ; it is not attacked by hot dilute sulphuric acid, but 
boiling concentrated sulphuric acid dissolves it slowly. It dissolves 
in In^drofluoric acid, however, although when both metal and acid are 
very pure, solution takes place only very slowly. A mixture of hydro- 
fluoric acid and nitric acid attacks the metal rapidly, and in contact 
with platinum or carbon it is readily dissolved by hydrofluoric acid 
with evolution of hydrogen. Tantalum excellently withstands exposure 
to sea air, sea-water, sulphur dioxide, and mine ehluents.^ 

The vapours of the alkali metals are without action even at 2000" C.“ 
Boiling solutions of the alkalis attack tantalum slowly ; fusion with 
caustic potash in air yields a tantalate. 

Electromotive Behaviour. — The behaviour of tantalum in 
electrolytic cells is remarkable, and accounts for the rapid extension 
of its application in electrolytic cell “ rectifiers,” If a rod of tantalum 
is made the cathode in an electrolytic cell and a strij:) of platinum the 
anode, and connection is made to the usual battery, the curren t passes 
through the cell as in the case of the commoner metals. If the con- 
nections to the battery are now reversed and the tantalum rod is made 
the anode, there is an instantaneous flow of current, but witlhn a few 
seconds the current drops to a negligibly small value or ceases altogether. 
AVitli an applied direct current E.M.F. of 75 volts, the current passing 
is less than 1 milliamperc when sulphuric acid of the concentration 
ordinarily used in storage batteries is the electrolyte.'^ Tantalum 
therefore displays the phenomenon known as “ vdlve action,'^ in that it 
allows the passage of an electric current in one direction but not in the 
other. The effect is not restricted to sulphuric acid, but takes place 
in most electrolytes, excepting, however, lluorides.^ The vah'c action 
is most probably due to the formation of an extremely thin layer of 
oxygen gas on the surface of the tantalum. This gas film pcjictratcs 
the blue, iridescent oxide layer ^ produced by anodic oxidation of the 
tantalum when connection is made, and ])rovidcs excellent electrical 
insulation for the whole anode.® If the applied K.M.K. is sudicieutly 
increased, however, fine sparks become visible, and with further 
increase of the applied E.M.F. the insulation breaks down and an a])- 
prcciablc current ])asscs. The voltage at which this occurs is termed 
the maximum voltage ” of the cell, and with an eleedrolyte which 
consists of a 0-02 per cent, solution of ])otassium carbonate it is 900 
volts,” which is a much higher figure than is gi\'cn by other metals 

^ C4rove-Palmer, loc. cit. ; Guertler and Liepus, Zeitschrift far Melallhitnde, 1925, 
17 , 310. 

- Tredenhagcn, PhysihaL Zeitsch., 1913, 14 , 1047. 

^ Balkc, J. Ind. Png. Chem., 1923, 15 , 561. 

^ Comj)are Kiicssnor, Zrlf-scli. IPrdProrhem., 1910, l6, 75-1. 

See IJiinhain, Science, 1927, 65 , 525. 

^ Schulze, Ann. PhyPh, 1907, 22 , 513; 1909, 28 , 787; Trans. Faradaij Sor.., 191.3, 
9 , 206 ; Zcilndi. Ehhtrochem., lOU, 20 , 592; ZdPek. Physih, 1921, 6 , 237. ' 

' Schulze, Ann. PhysiJc, 1907, 23 , 220. 
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showing valve action, namely, aluminium, niobium, magnesium, 
antimony, bismuth, zirconium, zinc and cadmium.^ The maximum 
voltage of a metal depends on its physical condition, on the tliiekness 
of the oxide and gas films, and on the composition and ionic concentra- 
tion of the electrolyte ; - it usually increases with increasing dilution 
of the eleetrolyte. Valve action occurs vitli fused salts in much the 
same way as in aqueous solutions ; the maximum voltage is, howex er, 
usually low'cr than the low'est maximum given by aqueous solutions.^ 
Aeeording to Schulze, valve action differs from the related 
phenomenon of passivity in that in the former case the oxide skin, 
although very thin, is of definite thickness ^ and prevents the passage 
of the current, whereas in the latter case the oxide film is an electrical 
conductor of molecular tliiekness.^ 

If an electrolytic cell containing electrodes made of tantalum and 
lead is connected to a source of alternating current, the current passes 
freely during that portion of the cycle wdien the tantalum is the cathode, 
but little or no current passes when the tantalum is functioning as the 
anode. The result is that the alternating current is converted into a 
pulsating direct current, and the cell is referred to as a “ rectifier.” The 
electrolyte used industrially in rectifiers is accumulator acid, with the 
addition of I per cent, ferrous sulphate.® The current obtained can 
be used for charging storage batteries, for the electro-deposition of 
metals, and for other electrochemical operations wdiich require direct 
current.” It has been found possible by using two tantalum electrodes 
in a single cell to rectify the current so that both half-periods }xiss in 
the same dircetion, giving rise to a non-pulsating and almost constant 
direct current. Tantalum has the great advantage over aluminium 
(which is the only other metal used to any extent as a rectifier) Idvat it 
is much more resistant to the action of acids and alkalis, and hence 
enjoys a longer li(‘e and olTcrs a much larger choice of electrolytes. 

Electrode PofoitiaL- This can be determined only in solutions of 
lluorides, since tantalum shows valve action in all other dectrolytes, 
and e\'en in the ease ol' lluorides there is some reason to ))elieve that 
oxide ibrnuition takes place, vitiating the results. The potential at the 
electrode 

Tantalum (passive) tantalum pentaduoridc (O-OOO mole.), 

is -;-D5d7 \a)lt ; II — zero. Passive tantalum is obtained by anodic 
polarisation: the corresponding ligure for the active material is -; ()-l()5 
volt. The ])otential obviously depends on the state of the metal ; after 
being rubbed with emery, tantalum gives a low energy potential which 

1 .S(;hulz(', A/ui. PhyAk, 1907, 24, ; 1908, 25, 775; 1908, 26, 372 ; 1909, 28, 787 ; 

1911, 34, ()r)7 ; Zdtscli. ElcMrochtin., 1908, 14, 333. 

“ Sctluilze, A'nn. Pfiymh, 1913, 41, 593 ; 1921, 65, 223 ; Taylor and PJiiL 

1903, 5, 301; Bairsto and Mcrcor, Tran^. Faradey So<\, 1911, 7, 1 ; do Jiruvjic and 
SaiRkarson, ibid., 1927, 23, 32; IJ.S. PaF. 1G02951 (1919), 1330581 (1920). 

Bohiiizc, ZeiPch. Flehtroche/n.., 1911, 17, 509. 

•’ Bc.liulzc', ibid., 1012, 18, 22 ; comj>aro Newbory, Proc. Roy. Roc,, 1913, [A], 114, 103. 

Sc.hulzn, 'rnois. Faradoy Par., 1913, 9, 200. 

l']nLr](5, Tf(in.<. Arncr. Inst. Min. Met. Pny., 1025, 71, (19 1 ; Anon., The. Pnqinerr, 
1925, 140, 235. 

" Balkc, loc. cit. ; conij)ar(i Schulze, Ann. Pkysih, 1914, 44, 1100. 

^ Hewsy and v^jado, Ze/tsch. Fkidroc/iem.., 1912, 18, 1001 ; see aLu lievesy, Phil. 
Mag., 1912, [vi], 23, G43. 
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slow!}' returns to the normal hgure.^ The cathodie overvoltage in 
normal sulpliurie acid is 0*39 to 0*50 volt.^ 

Atomic Weight of Tantalum. — The earliest investigations into 
the atomic Aveight of tantalum were carried out by Berzelius,^ Rosc,^ 
Hermann,*^' and Blomstrand/’ but the various values tliey obtained 
are now only of historical interest, as the materials used were not pure. 
In 1S66, Marignac’^ made four analyses of pure potassium tantalum 
fluoride, KoTaF^, by heating the salt witli concentrated sulphuric acid 
to remove hydrofluoric acid ; the potassium sul])hate tlius formed was 
extracted with water and the residue ignited and weighed as tantalum 
pentoxide, with the following mean results : ® 


SKoTaF, 

100 

Ta^O^ ■ 

56*59 

K/raF, 

100 

1 

0 

in 

^44*295 

2 K 2 S 0.1 

44*295 

I cl 2 D g 

“ 56*59 


hence Ta — 183*3. 


„ Ta = 182*l. 
„ Ta--183*7. 


Four analyses of the corresponding ammonium salt, (NIl 4 ) 2 TaF-, were 
also made, with the result : 


2 (NH 4 ) aTaF- _ lOQ 


Ta,0, 


63*25 


hence Ta — 182*3. 


Despite the facts (a) that the figures for individual determinations 
differed by se^'eral whole units and (/;) that the results as a wliole were 
obviously discordant, Marignac’s work formed the basis for the accc])ted 
atomic weight of tantalum (namely, 183) for forty years. Tlic suit- 
ability of the double fluorides for use in the determination of the atomic 
weight lias been questioned.^ 

In 1906, Ilinrichsen and Sahlbom used a very simple method. 
Metallic tantalum was converted directly into tlic oxide })y heating in 
oxvgen. The mean of five experiments gave the following ratio : 

he„c,T.=)S1.0-2. 


TaoOx 


100 


The extreme values of the individual determinations still differed by 
more than a unit, and it is doubtful whether metallic tantalum can be 
obtained sufficiently pure for atomic weight determination. 

Balke in 1910 hydroh^sed tantalum jientachloride, TaCls, to the 
pentoxide, Ta 205 , with water and a small quantity of nitric acid. The 
mean of eight experiments gave : 


^ Schmidt, Zeitsch. physikal. Ghtni., 1923, io6, lOo. 

- Newbery, J. Chem. Soc., 191G, 109, 1108; compare Thiel and liaminei’scJunidt, 
Zeitsch. anorg. Chem., 1924, 132, 20; Osterhcld, Zeitsch. hJlekirochcm., 1913, 19, 085. 

^ Berzelius, Pogg. Annalen, 1825, 4, 6. Rose, ibid., 185G, 99, 78. 

^ Hermann, J. 'praht. Chem., 1857, 70, 193. '* Bloinstrand, Acta Univ. Lu'ttd, 18G4. 

~ Mariirnac, Ann. Chirn. Phys., 1866, [iv], 9, 251 ; Arch. Pci. phys. nat., 1866, [ii], 
26, 89. 

® Tlie fundamental values set out on p. viii of the General Introduction have been used 
in tlu^ ealciilatiuns. The same fundamental value.s have been cmjdoycal in the recalcula- 
tion of the subsec] iicnt values for the atomic weight of tantalum mentioned in this section. 

^ Smith, Proc. Arner. Phil. Soc., 1905, 44, loi ; Chem, Iscws, 1905, 92, 210. 

Hinriclisen and Sahlbom, Ber., 1906, 39, 2G00. 

Balke, J, Amer. Chem. Soc., 1910, 32, 1127. 
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2TaCl5 _W0 
TaoO- 61*7355 


hence Ta— 181*49. 


The dihcrencc between the extreme values was 0*14. In the ^oilo^ving 
year hydrolysis of the pentabromide with water and nitric acid was 
used by Chapin and Smith/ who from eight experiments obtained the 
ratio : 


2TaBr5 2*6212 
TaoO^ 


hence Ta-=181*80. 


The difference between the extreme values was 0*23. It wall be observed 
tliat the value given by the pentabromide is appreciably higher than 
that given b}" the pentaehioride, although the ligures for individual 
determinations by each method were reasonably concordant. Scars 
and Balke ^ subsequently found that tantalum pentoxide is slightly 
volatile at ignition temperatures, and since it occludes nitric and other 
acids it is useless for work requiring great accuracy.^ In a fresh attempt 
to establish the atomic weight, Sears and Balke treated the penta- 
ehioride with silver in the presence of hydrofluoric acid. Five experi- 
ments gave the mean ratio : 


TaCl5_06*4338 
TAg ~ 100 


hence Ta==181*05. 


But the extreme values showed a difference of 0*40, from which it was 
concluded that the tantalum jientachloride used varied slightly in its 
compositioji, and that this salt is also unsuitable for use in the deter- 
mination of the atomic weight. This conclusion has been confirmed.'^ 
The v'alues for the atomic weight oJ‘ tantalum as determined by the 
various investigators since 1866 arc set out in the following tabic: 


ATOMIC WEIGHT OF TANTALUM. 





Xu in ber 
of 

5 lean 

Autliority. 

Date. 1 

Kalio De tcnninc cl , 

Atomic 

; 


incjiits. 

AVI* ig lit. 

Marignac 

1 866 

2 K,TaF,/Ta .,05 

KoTala/koSdi 

t 

183*3 

182*1 



2 KoS 0 /Tao 05 


183*7 



2[(NIl,)/raF,]/TmO, 

4^ 

182*3 

Hi nr i eh sen and 

1906 

2 Ta/Tao 03 

5 

181*02 

Sahlbom. 

Balke . 

■ 1910 ' 

2TaCl,/TaoO-, 

8 

1 81 *49 

C'ha])in and Smith . 

: 1911 

2 TaBr,/Ta “>05 

8 

181*80 

Scsirs and Balke 

: 1915 

TaClb5.\^ 

5 

181*05 


The International (Committee on Atomic Weights a(lo])ted the vadue 
181*5 in 1912, and this iigurc was altered to 181*3 in 1929. The decimal 
place is, howcYmr, obviously uncertain. 


‘ C}ia])iri and J. A'/zier. (JJunii. Soc., 191 1, 33 , L197. 

- Scars and ilmL, lOla, 37 , S.‘t‘t 
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Uses. — Tantalum is used in the arts only in the metallic form, no 
applications having been found for its compounds ; the uses of the 
metal arc restricted by its costliness, which arises from the necessity 
for preparing it in specially constructed vacuum electric furnaces. In 
1921 the world's annual production was probably not greater than 
ten tons of ore, containing about 56 per cent, of tantalunpA but new 
applications are being developed. The largest factor in the con- 
sumption of tantalum is its recent application as an electrode in alter- 
nating current electrolytic rectifiers, now familiar in radio practice.^ It 
can also be used for the filaments of thermionic valves,'^ for the electrodes 
in Rontgen tubes (for both of which its property of absorbing gases 
renders it particularly suitable), and for the cathodes in electro- chemical 
apparatus. For the last purpose it is stated to have the axlvantage over 
]datinum that it is mechanically stronger, can be used in nitric acid 
solution, and does not alloy with zinc or cadmium ; gold and platinum 
can also be deposited on a tantalum cathode and subsequently removed 
with aqua-regia.^ On the other hand, it has the serious disadvan- 
tage that it tends to become brittle on absorption of hydrogen, and 
then gives unsatisfactor}'" results.® Tantalum electrodes coated with 
])latinum haAm been used Avith success.'^ Other uses of tantalum depend 
on its inertness under ordinary conditions and its resistance to attack 
by most acids. It is suitable for the manufacture of certain surgical 
and dental instruments, as it is not attacked by the ordinary antiseptics 
and chemicals used. A surface film which is almost as hard as agate 
can be produced on the metal by heat treatment. Analytical Avcights 
made with tantalum have received the approval of the International 
Atomic. Weight Committee.® Its use is also suggested in place of the 
more expensive platinum for the manufacture of laboratory dishes, 
crucibles, stirrers, etc., but this application is restricted by the com- 
paratively low temperature at which it begins to oxidise and by its solu- 
]3ility in hydrofluoric acid. To overcome these drawbacks it is recom- 
mended that the metal be either alloyed, plated or sheathed with 
platinum,^ or that nickel-tantalum alloys be substituted. 

Tantalum was used for several years for the filaments of incandescent 
electric lamps, as it Avas found to be electrically more elhcient for the 
same canclle-poAver than the carbon hlaments Avhich had prcAhously 
been enqhoyed, and it also enjoyed a longer life. In 1912, hoAA'c\mr, 
it Avas in turn displaced by tungsten, Avhich gsive a still greater cnicicjicy, 
and had the advantages of a higher melting-point in conjunction Avith 
a higher ratio of hot to cold electrical resistance and lower cost. 
Tantalum electric lamps are no longer made, but it has been suggested 

^ Taylor, J'Jn/j. and Min. J., 1924, 114, 842. 

- Robinson, ExjjerimetUal Wireless, 192.5, 2, 8S9 ; x\non., The Engineer, .1925, 140, 285. 

Rieming, Engineering, 1909, 87, 883; Anon., Eng. and Min. J., 1923, 116, 817; 
Ealkc, Jndu.stiial and Engineering Chemist ry, 192.3, 15, 501. 

.Siemens, Engineering, 1909, 87, GOl. 

^ Ralke, loc. cit. ; Brunck, Chern. Zeit., 1912, 36, 1233 ; 1914, 38, 505. 

Osterheld, Zeilsch. Elehirochem., 1913, 19, 585 ; Wegelin, Chcni. Zeit., 1913, 37, 989. 

' Arndt, Elehtrotech. Zeitsch., 1921, 42, 345. 

« Nature, 1911, 87, 251. 

Eng. Pats. 23050 (1912), 19824G (1922). 

For data relating to the comparative behaviour of carbon, tantalum, tungsten, 
and osmium lamps, see Balke, loc. cit. ; Paterson, The Electrician, 191G, 77, 822 ; Cremch, 
ibid., 1910, 64, 806; Jolley, ibid., 1909, 63, 700, 755; Lavender, ibid., 1909, 64, 306 ; 
Hirst, J. E/ist. Elec. Eng., 1908, 41, 636 ; Swinburne, ibid., 1907, 38, 211. 
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that they would be preferable when it is difficult to place a sufficient 
length of very fine tungsten wire to produce the resistance required 
on the ordinary circuit ; the higher electrical resistance of tantalum 
would enable a shorter wire or one of larger diameter to be employed. 
Tantalum lamps are also well able to resist vibration and shock.^ It 
is highly improbable that the use of tantalum for electric lamps would 
have been followed by a steady demand for tantalum ores, because one 
pound (avoirdupois) of tantalum suffices for no less than 20,000 lamps. 

Tantalum pentoxidc is stated to be effective as a catalyst in the 
oxidation of hydrocarbons.- 

Alloys, — ^Tantalum yields alloys with a large number of other 
metals, but their mechanical properties and the systems produced have 
hitherto received little investigation. They are prepared by compress- 
ing the two metals and heating them to a high temperature in a good 
vacuum. 

Ahiniinium alloys well with u]3 to about 3*5 per cent, of tantalum, 
wiiieh has no effect, how'ever, on the mechanical strength, ductility, and 
wmrking properties of aluminium.-*^ Reduction of tantalum pentoxide 
by the thermite process yields hard, brittle alloys.^ A substance the 
composition of which corresponds with the formula TaAl 3 has been 
obtained l)y reducing jDotassium tantalum fluoride, KoTafh, with 
aluminium filings at a high temperature. It is described as an iron- 
grey crystalline powxler, of density 7-02, winch is scarcely attacked by 
acids. ^ 

Copper alloys are mechanically strong and acid resisting.^ 

Gold alloys resemble copper alloys. Gold-cop])cr-tantalum alloys 
have also been made.” 

Iron alloys with tantalum in all proportions. Those alloys con- 
taining from 5 to 10 ]:>cr cent, of iron are hard and ductile.''^ (Tuillct*^ 
has examined the effect of tantalum up to 1 -05 per cent, on the structure 
and mechanical 2 ')ro])erties of steels ])reparcd with tantalum-iron in the 
electric furnace. In the case of normal steels tlie usual pcaiiitic struc- 
ture w'as present, tlie effect of the tantalum being to ])roduce more 
regular distribution of the ])carlitc. Quenched steels displayed their 
usual structure. Mechanical tests show'cd only slight increases in the 
breaking load, the limit of elasticity, and the resistance to shock. Tlie 
same effects can be readily obtainecl by the addition of small ]yro]K)rtions 
of nickel and other metals to the steel. The inllucnce of tantalum on 
the clniracteristics in the shearing test is also small.^^^ It a])pcars, there- 
fore, that the effect of tantalum on steel is too small to enable tantalum 
steels to attain any special importance. It has also been shown) that 
no advantage is gained by substituting tantalum ibr nickel, cobalt or 
niolybdcnimi in liigh-spced steels.’^ According to GuertlerA- tantalum 
^ Anon., 77 / 0 ^ Fjlectric.idn, 1910, 65 : }l((rino. 107. 

- t'.x. rats. i(i3osr>r> (1027), ir)02 is() (HUo). 

Sohirinolsl or, Ftakl und EFv.n, JOlo, 35 , 999. 

( 0)ldycli niidt and Vaiitin, J. Soc ('lu ni. Jud., 1898, 17 , ddlt 
'' MaidLCnLC., Arch. Sd. phi/-'^. tuit., 18()8, [iij, 31 , lOl. 

(German 'J\a. 2812-ld (1913). 

• Jbid. 

^ V 011 Holton, Ztit.-ich. JClth'lwcheni, lOOd, ii, 45, 722. 

•' (diiltn, Co'i/i.pL rend., 1907, 145 , 327. 

Hoi'l.c'vin, ('(iriKujic ScJioldr-'^h 1 p M (.mill rs, Jroii and Steel 1909, I, 277. 

tfonoh and d'yrr/m. A //i.er. Sor.. for Steel 'Trend /,nij, 192.7, 8 , 081. 

(//V.sw-Iyo,’ 1921, 8 , 134 ; J. j'ron. Steel hut., Alu., 1922, 105 , 005. 
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in cast iron forins mixed crystals with the iron and precipitates th6 
carbon as graphite. 

Iron undergoes “ cementation ” when heated in finely divided iron- 
tantalum alloy containing about 30 per cent, of tantalum ; the interior 
consists of a solid solution, which is bounded by a brilliant external 
layer the tlnckness of which increases with rise of temperature and 
with increase in the duration of heating. Copper and brass have been 
similarly treated.^ 

Magnesium,— A. magnesium-tantalum alloy which contains about 
3 ‘5 per cent, of magnesium has been obtained by reducing tantalum 
pentoxide with magnesium powder in a stream of hydrogen.^ 

Molybdenum, alloys with tantalum in all proportions. Alloys con- 
taining from 10 to 40 per cent, tantalum have been suggested for the 
construction of chemical and electrical apparatus.^ When the molyb- 
denum content is less than 5 per cent., the product can be drawn into 
wire 0*1 mm. diameter. 

Nickel , — Addition of from 5 to 10 per cent, of tantalum to nickel 
considerably increases the resistance of the nickel to acids/^ and also 
its ductility. An alloy containing 30 per cent, of tantalum is not 
attacked by prolonged boiling with aqua-regia or other acids, and 
unlike tantalum it can be heated in air without undergoing oxidation ; 
it is also very tough and can be easily rolled, hammered, and drawn, 
but may become brittle when strongly heated.'"' Xickel-tantalum alloys 
which contain from 5 to 20 per cent, of chromium are also resistant 
to heat and corrosion.® An alloy which contains 75 per cent, of nickel, 
11 per cent, of iron, and 14 per cent, of tantalum and niobium is claimed 
to be suitable for electrical resistances and electrical heating apparatus.'^ 

Platinum alloys containing from 0*5 to 20 per cent, of tantalum 
are hard, withstand heat, as w^ell as the action of acids and fused potas- 
sium hydrogen sulphate, and are more resistant to the action of aqua- 
regia than platinum.® They possess the mechanical properties of 
platinum-iridium alloys and are less expensive ; the relative quantities, 
of tantalum and iridium required to produce the same liardness and 
mechanical resistance are stated to be 1 : 5. Platinum-tantalum alloys, 
hence have been recommended for various purposes in place of platinum, 
or platinum-iridium. Tantalum can also be coated with platinum, and 
can then be utilised in high-temperature work.^ 

Silicon . — Small amounts of silicon do not affect the ductility oi" 
tantalum and increase its hardness. A substance the composition of 
wliich agrees w-ith the formula TaSio has been obtained by heating a 
mixture of tantalum pentoxide and silica in the presence of aluminium. 
It is described as a greyish-blue substance wliich forms four-sided prisms 
of density 8*8. It is stable in air, oxidises wlien heated in oxygen, and 
is insoluble in most acids ; it is attacked by fused caustic soda.^^ 

^ Laissus, Coni'pt. rend.^ 192G, 182, 11 52. 

- Smitli and Maas, Zeitf<cfi. anorg. Chem., 1894, 7, 9G. 

3 U.S. Pat. 1385072 (1921). 

Rowe, Metal Industry, 1922, 20, 2G3. 

^ Anon., Eng. and Min. J., 1915, 99, 815. 

6 U.S. Pats. 1541301 (1925), lo88518 fl92G). 

Canada Pat. 209342 (1921) ; U.S. Pat. 1445253 (1923). 

® French Pat. 477270 (1914) ; Cerrnan Pat. 3G000G (1919) ; Eng. Pat. 200074 (1923). 

^ E7ig. Pat. 23050 (1912) ; U.S. Pat. 1180164 (1916). 

von Bolton, loc. cit. 

-Honigschinidt, Monatsh., 1907, 28, 1017. 
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Tungsten alloys with tantalum in all 2^1’^portions.^ Alloys of 
tungsten and tantalum which also contain cobalt, chromium or mohd^- 
denum have also been prepared.^ 

Zirconiuni alloys ^ can be heated to wliiteness witliout undergoing 
oxidation."^ 

Sodium, potassium, mercury and silver do not alloy with tantalum 
even at high temperatures ; ^ attempts to prepare alloys with arsenic, 
antimony, lead, zinc and tellurium have also failed, but tlie formation 
of an alloy with silver, copper and tin for making a dental amalgam 
with mercury has recently been claimed.^ 


^ r/.X. Pat. 1520794 (1925) ; von Bolton, loc. cit. 

“ IPiy. Pat. 152371 (1918) ; U.S. Pats. 1389679 and 1449338 (1923). 

3 Canada Pat. 214118 (1921) ; U.S. Pats. 1248648 (1917), 1334089 (1920). 

^ See also German Pat. 293952 (1913). 

^ von Bolton, loc. cit ; Moissan, CompL rend., 1902, 134 , 411 ; rreclenhagen, Physihal. 
Zeitsek., 1913, 14 , 1047. 

« U.S. Pat 1574714 (1926). 
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COMPOUNDS OF TANTALUM. 

General. — As in the case of niobium, the only ^vcll-de fined tantalum 
compounds are those derived from the pentoxide, namely, the tantalates. 
Tantalum compounds display a much feebler tendency to undergo 
reduction than niobium compounds, and this is shown in the fact that 
only two oxides, Ta^Og and Ta 02 , are known, and even the existence 
of the latter has recently been questioned.^ When niobium pentoxide 
is heated to redness in hydrogen at C. reduction to the sesquioxide, 

Nb 203 , ensues,- but under similar conditions tantalum pentoxide 
remains unchanged.'^ Acid solutions of pcntavalent niobium salts also 
undergo reduction with nascent hydrogen, whereas pcntavalent tantalum 
salts are unairected. It is of some interest to note, however, that 
evidence for the existence of a dichloride has recently been obtained. 

Tantalum ]:)cntoxidc possesses only very weakly acidic j^roperties. 
Its salts even with the strong alkalis are readily hydrolysed by boiling 
in aqueous solution. Its complex hcteropoly-acids with other acids are 
ill-defined, but it takes up active oxvgen to form a stable pertantalic 
acid, HTa 04 ..rHoO. 

Tantalum and Hyduogen. 

Tantalum adsorlDS hydrogen directly, or when it is used as tlic catliode 
in the electrolysis of dilute sulphuric acid,'^ but no dclinitc Inxlridcs have 
been isolated. One volume of tantalum in the ibrm of wire, O-T mm. 
diameter, takes U]) 775 volumes of hydrogen at room temperatures’’ 
and '16 volumes at about 800" The appended table gives the number 
of milligrams of hydrogen at 7()() mm. pressure adsorbed by 100 grams 
of tantalum at different temperatures.'^ 

The amount of gas taken up decreases Avith increasing temperature, 
and at a given tem])craturc (above 450'' U.) is proportional to the square 
root of the gas pressure. The curve produced is similar to that given by 
palladium. Most of the hydrogen is expelled by heating to redness in 

^ Friederich and Sittig, ZeiidcJi. anorg. Chtin., 1925, 145, 127. 

- Compare Kuff,, Seiferlield, and Sucla, ibid., 1913, 82, 373. 

^ A liydratcd tantalum sesauioxido, TaoC.^.a-HoO, is stated to be foimied by the addition 
of caustic soda to solid tantalum trichloride (Jtuff and Thomas, Zcitdch. anorg. Chem., 
1927), 148, 3 ; Btr., 1922, 55, 1473). 

^ von Bolton, Ztitdch. Elehlroche.tii,., 1905, ii, 50: Ostcrlicld, ibid., 1913, 19, 5S5 ; 
Harding and Smith, J. Arntr. Ohein. 80 c., 1918, 40, 1529 : Coclin and Baumgarten, ZeiUch. 
2 ')hydiI:aL Chciii., 1927, 130, 545. 

Sic verts and Bcrgner, AV./-., 1911, 44, 2394. 

Thiel and Kammorschmidt, Ztitsek. anorg. Chtru., 1923, 132, 15. 

‘ Sie verts and Bcrgner, loc. cit. 
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ADSORPTION OF HYDROGEN BY TANTALUM. 


Temperature, C. 

17 

100 ; 

183 203 , 311 

417 

474 

530 

1 

Hydrogen, mgm. 

419 1 

400 1 

377 327 ^ 207 

! 

212 

157 

^ 107 


a vacuum, but the small remaining quantity is removed onh^ by fusing 
the material in a vacuum in the electric furnace. All the metallic 
tantalum now made is subjected to the latter treatment so as to drive 
off occluded gases and other volatile impurities. 

Wlien heated in hydrogen, tantalum wire undergoes a structural 
alteration, becoming brittle and crystalline ; it retains these properties 
after the hydrogen lias been removed by heating to a high temperature 
in locuo. According to earlier investigators,^ the liydrogen absorlied 
at high temjieratures is chemically combined with the tantalum, and it 
is stated that a hydride can also be obtained b}'' the action of hydrogen 
on tantalum pentachloride. 

Tantalum and the Halogens. 

The halides and oxyhalides of tantalum are set out in the following 
table : 


HALIDES AND OXYHALIDES OF TANTALUM. 


Valency. 

1 

Fluorine, j Chlorine. 

Bromine. Iodine. 

“ l)i 'Lyalent 

IITaXl;. MIA) 
HTaXloBr. MIA) 

HTalliq.lIlA) 
IVViiAh'^CUll.^O 
lVl\Cnv,lAUA) 
IiTa;,Hr,011.dlo() i 

Trivalemt . 

Tad;, 


Fentavalcnt : TafV I'aCd- 

, TaOF.^* TaOCl.,* 

TaOoCi 

TaBr, ■ TaL, 

TaOBr., 


* Thf.sc (^om j)Oiind,s have not Ikhui isolated in ilio fi'cc stain. 


The penta\ddent halides are the most stalile, but even tlicse can be 
prepared only in tlic dry way because of the readiness with which they 
luulergo liydrolysis. The trichloride is obtained by rcduelion ot the 
pentachloride with ti ])owdcred metal (lead, aluminium, /.me) ; the same 
process has also gi\'cn a diehloride and jieiTiaps a tetrachloride,^ but 
their formation awaits independent confirmation. The prcfiaration 
of the c]doroaci(' , HTa 3 CL. 4 TT 205 interest in that corresponding 

^ Viv'ciin, Zeinch. PJh'.ldrorJiem., H)0d, ii, ;“).■),■) ; coni pan' Mullinninn, Weiss, and Ricdel- 
baucli, A ruialr)!, 1907, 355 , 91. 

“ Kuir and Thomas, Btr., 1922, 55 , f.BJ, I4GG : Ze.itscli. anorej. Chera., 1025, 148 , 1 . 
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chloroacids of molybdenum, HM 03 CI 7 . 4 H 2 O, and of tungsten, HW 03 CI 7 . 
4 II 2 O, have been obtained. The formation of the pentiodide is some- 
what remarkable ; niobium has not as yet yielded any iodine compounds, 
and vanadium has given only the tri -iodide. It is unusual for a metal 
falling in Groups IV. to YIII. to form an iodine derivative in which the 
maximum valency of the group is displayed. 

Tantalum and Fluorine. 

Aletallic tantalum and tantalum pentoxide arc both dissolved b}^ 
hydrohiioric acid, but evaporation of the solutions yields a residue which 
consists cither of a tantalum oxyfuioride of variable composition or of 
the hydrated pentoxide. 

Tantalum Pentafluoride, Tal^h, is the only known fluoride of 
tantalum, and has been successfully isolated by methods that avoid 
hydrolysis : ( 1 ) Tantalum and fluorine arc brought into reaction exactly 
as in the preparation of niobium pentafluoride.^ ( 2 ) Tantalum penta- 
chloride is treated in the cold with dry hydrofluoric acid ; the hydro- 
chloric acid liberated and excess of hydrofluoric acid are evaporated 
off, and the resulting tantalum pentafluoride is purified by rcdistilla- 
tion in a platinum crucible between 300° and 400° C.“ (3) The double 

barium tantalum fluoride, 3 BaF 2 . 2 TaF 5 , is very strongly heated in a 
platinum tube, one end of wdiich is kept cold.^ 

Tantalum pentafluoride forms hygroscopic, colourless, doubly 
cefracting, tetragonal prisms which melt at 96*8° C. and boil between 
229-2° and 229-5° C. at 760 mm. pressure. Its density varies between 
i-981 at 15° C. and 4-744 at 19-5° C. It is soluble in water ; solution 
s followed by hydrol 3 ^sis which, however, docs not proceed so readily 
is witli tantalum pentachloride, niobium pentafluoride, and vanadium 
pentafluoride.^ The aqueous solution evolves hydrogen fluoride on 
peing evaporated, and leaves an insoluble tantalum oxyfluoride which 
s converted into tantalum pentoxide on being ignited. Caustic alkalis 
md alkali carbonates in concentrated solution attack the pentafluoride 
dgorously, and yield an alkali tantalum oxyfluoride of composition 4 R‘F. 
fa 205 . 2 TaF 5 . Dilute alkalis yield tantalic acid, while fusion with 
)otassium fluoride yields the double fluoride 2 KF.TaF 5 . Tantalum 
)cntafluoride is also soluble in cold sulphur monochloride, sulphuryl 
hloride, stannic chloride, arsenious chloride, antimony pentachloride, 
Icohol, chloroform, glacial acetic acid, and acetic anhydride. 

Double Fluorides of Tantalum Pentajiuoride . — When solutions of 
antalum pentoxide in hydrofluoric acid are treated with solutions of 
he fluorides of the alkali (and other) metals, double fluorides arc 
btained which possess the general formula nR'F.Tal^b, where n usually 
aries between I and 3 ; in the most imjportant scries n--=2. Tluvse 
ouble fluorides are much more stable than tantalum pentafluoride. 
'hey vvere among the first tantalum compounds to receive examination,^ 
nd still form an important class of tantalum conijiounds. A study 
f their isomorphism with the corresponding com])ounds of niobium 

^ Ruir and dcliiller, Ber., 1909, 42 , 494 ; Schiller, Dissertation (Danzig, 1911). 

- Ruff and Schiller, Zeitsch. a.norg. Cliem., 1911, 72 , 331. 

^ Halm and Puetter, ibid., 1923, 127 , 153. 

Ilevesy and Slade, Zeitscli. Elektrochetn., L912, 18 , 1001. 

^ Rerzelins, Pogg. 1825 and 1826, 4 and 6 ; Rose, ibid., 1 856, 99 , 481 ; Marignac, 

nn. Chun. Fhys., 1866, [iv], 9 , 249. 
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enabled the formula of tantalic acid ” (and hence of other tantalum 
compounds) to be correctly established (see p. 128); precipitation of 
potassium tantalum tluoride, 2 KF.TaF 5 , still constitutes the classical 
method for tlie separation of tantalum from niobium (see p. 128), and 
analyses of this salt provided the first reliable data for the atomic 
weight of tantalum. Balke ^ repeated and confirmed the previous 
investigations of Marignac, and showed that tantalum pentafluoride 
forms several double salts with almost every one of the alkali fluorides, 
from which it appears that the preparation of an}' ])articular double 
fluoride in the pure state is not an easy matter ; the purest to be prepared 
hitherto are the potassium salt, 2 KF.TaF 5 , and the sodium salt, 8XaF. 
TaF 5 . The greater stability of these double lluoridcs as conpiared with 
tantalum jientafluoridc has led to the assumption that their solutions 
contain complex anions into whicli the tantalum enters. The two salts 
just mentioned ionise, for instance, thus : 

K^TaF^ =-2K--l-[TaF7]", 

N a sTaFg = 3Na* -|- [TaFg] 

IMien viewed from the point of view ol“ the AVerner co-ordination 
theory, it is observed that in these complexes the common co-ordina- 
tion number is 7, thus [TaF 7 ]K 2 and [TaFyJCu.dlToO ; the co-ordina- 

tion number 8 also occurs, thus LTaFg’JNag and Ta: ^ |(NtF^) 3 , 

-j 

frequently the co-ordination number 0, thus [TaF( 5 j(Nll 4 ). 

The following double fluorides witli tantalum jientafluoride are 
known : 

Acid Tantalum Fluoride or tantalum hyd^rogoi fluoride, lIF.TaF^. 
GllgO or UTaFy.ClToO, has recently been ]n’e])arcd in ohisters of feathery 
crystals which melt at about 15“ C. l)y dissolving tantalum j)entoxidc 
in hydrolluoric acid and crystallising at about — lO^ C. It can be 
looked upon as the acid which gives rise to the scries ll'F.TaF^.- 

Ammonium Tantahim Fluoride.s. --18ic compound Nli^F.TaFg or 
NH/faF^, results from the action of ammonium iluoride on acid tanlahmi 
iluoridc.^ AVhen a solution of tantahim ])cntoxide in hydrolluoric acid 
is treated with gaseous ammonia and c\'a])oratcd, the compound 
2 NrFiF.TaF 5 or (XM-l 4 ) 2 TaFL is obtained in thin, right-angled ])lates, or 
in flattened needles belonging to the tetragonal system. It can be 
dried at 100“ C. without undergoing dccom])osition, is readily soluble 
in water, from which it can be recrystallised unchanged, but the aqueous 
solution on being boiled throw's down a white prcci))itatc. Its pre- 
paration in the perfectly pure state is dillicult.'^ A compound which 
has the approximate composition ^NH^F.TaF^ or (NH 4 )nTaFy has also 
been obtained."' 

Barium Tantalum Fluoride, iUkilA/iTaF- or Ba^TaoF,,;, separates 
as a white, micro-crystalline prcci])itatc JVom the action of liarium 
chloride on a solution of tantalum pentoxide in slight excess of hydro- 
fluoric acid.*’ 

1 Balke, J. Armvr. Cliam. Soc., 1009,27, I MO. 

- Halin and Piictler, loc. cil. 

Hahn and J'licUcr, loc. cil. 

^ Berzelius, loc. cil. ; Marignae, A n7i. (Jhiw.. PJt.ys., IBGO, [iv], 9, 272. 

^ Balke, loc. cil. 

Hahn and Buetler, loc. cii. 
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Tantalum Fluorides. — Substances having the compositions 
(st/lal^5 and ‘iCsF.TalA are prepared by crystallising a mixture of 
C‘a‘siuin lluoride and tantalum fluoride from dilute h^xlrofluoric acid, 
using excess of tantalum lluoride or of caesium fluoride respectively. 
I'he lormer yields glistening, rhombohedral crystals, and the latter thin 
needk^s.i A stable, crystalline salt of the composition ISCsF.Tabh has 
also been reported.- 

Copiier Tantalum Fluoride, CuF2.Tar5.4Il20 or CuTaF7.4H20, can 
1)0 obtained in blue, transjDarent, rhombic crystals by the action of 
c*oj)per oxide on a solution of tantalum pentoxide in excess of hydro- 
loric acid. It is very readily soluble in water.^ 

Lithium Tantalum Fluoride, LiF.TaF5.2H2O or LiTaF5.2H20, is 
ned in colourless, prismatic crystals when a solution of tantalum 
)xide in excess of hydrofluoric acid is treated with lithium 
)nate.‘^ 

otassium Tantalum Flnoride, 2KF.TaF5 or K2TaF7 or [TaF^JKg, is 
‘^^mmonest of the double fluorides, and is in fact one of the com- 
- oi' tantalum compounds. It is prepared by adding potassium 
to a warm solution of tantalum pentoxide in hydrofluoric acid, 
boiling tantalic acid with potassium hydrogen lluoride, KHFg, 
c*o()Iing the product. The 2:)reparation of j^otassiurn tantalum 
do by tins method has already been referred to in describing the 
u'ation and estimation of niobium and tantalum (see ]3p. 128 -9). It 
an also be obtained by the action of caustic ^^otash or potassium 
carbonate^ on a solution of tantalum j^entoxide in hydroQuoric acid.^ 
Fotassium tantaliun lluoride crystallises in small, thin, rhombic 
ne(‘dl(\s, which are isonior])hous with the corresponding niobium com- 
j)ouiid KoNblA. The density is variously reported as being 4*5G and 
r>*2 b'* ''i'lu' salt, is stable in dry air at ordinar\^ tcm2)cratures. On being 

heated tlu‘ pure suhst.ance decrepitates, melts to a clear liquid, and 
l(‘a\-(‘s a. hliKg iid’usible massd It dissolves in water, but hydrolysis 
lakes plac(*, the cxtcait of which depends on the conditions. In water 
eonlaining vt'ry little hydrolluoric acid, 1 part of the salt dissolves in 
200 parts of water at 15'" C. ; in the ]3rescncc of rather more hydro- 
(iuoib* acid 1 pa.rt dissolves in 150 to 100 ^^mds of water, at 15"" C.^ 
Kuff and Sehillc;r'‘ have shown that tlic solubility increases (1) with 
ris(^ in I (‘inperal ur(', (2) with increase in the concentration of liydro- 
lluorie acid, (‘1) with dc'crease in the concentration of ])otassium fluoride. 
'Flu* a<}U(a)us solution rcaicts acid to litmus, and on being boiled ])rc- 
eipilab's a white*, ^^Mnsoluble, j)otassium tantalum oxyiluoride, TaoO^. 
•M\ F\2'l'aFr, or Ta205.2(2KF.TaF5) ; this reaction is used to detect the 
pres(‘n(*(‘ of tantalum in a niobium couq)ound, since a solution of 

> nalk(', 7. Avirr. C/irm. Sor., 1905, 27, ll;")!. 

*• 1 on, ibid., ISiJH, 18, .88. Jlalkr (Jvc. cif.) was unable In nbtaiii tins vejy 

coni j>I(‘\ salt . 

Ma riLenac, A )ni: ('hi-nh. /V///.s'., 18()(), [ iv], 9, 247. 

' I>alk(\ /or. ril. 

•' !k‘i-7.(‘Inis, lor. cit. ; M arii£iia.c, lor. cit, 

( Onclin i\rai](, 1 1 <i lidhnch drr roforfjfn/ )i (dirvi.ir ( H('i(l(‘lh(‘ro;), 191.8, 6, .818. 

' /or r;7. • I>;ilk(‘. lor. cii. : Haliiiand Pu(‘tt,('r, loc. ril. 
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])otassium niobium fluoride, K 2 ^t>F 7 , does not throw down a precipitate 
on being boiled.^ Addition of caustic soda precipitates tantalic acid. 

Riibidi'imi Tantalum Fluoride, 2RbF.TapL or RboTaF^, is obtained 
in white needles similarly to the analogous potassium compound. It 
dissolves in 40 parts of water.- 

Sodium Tantalum Fluoride,^. — Slow evaporation of a solution of 
sodium tantalate in hydrofluoric acid precipitates the two compounds, 
SXaF.TaFg or Xa-^TaFg, and 2X"aF.TaF5.IT20 or XaoTaF^.IToO, the 
former first. ^ XagTaFg yields rhombic prisms, a : h : e=0‘G()17 : 1 : 
0-2799, and dissolves in from 20-5 to 20*9 parts of water at 25° C. 
XaoTal'L.HoO gives rise to six-sided plates belonging to tlie rhombic 
system, a : 5 : c = 0*838 : 1 : 1*274; it loses its water of crystahisation 
at 100° C., and can be heated to 150° C. without undergoing decom- 
position. Evaporation of its mother-liquors yields the salt XaF.TaF 5 
or X'aTaFg in regular, cubic crystals. 

Analogous sodium niobium fluorides have not been isolated. 

Thallium Tantalum Fluoride, 2 TlF.TaF 5 or TUTaF^, is obtained in 
glistening crystals by the action of thallium fluoride on tantalum 
pentoxide in hydro lluoric acid."^ 

Zinc Tantalum Fluoride, ZnF 2 .TaF 5 , is jDrepared by the action of 
zinc oxide on a solution of tantalum pentoxide in excess of hydrofluoric 
acid ; concentration yields a hygrosco])ic, crystalline mass.^ 

Tantalum ])cntalluoridc also forms crystalline double salts with 
pyridine, methylamine, and other organic bases. The following com- 
pounds with pyridine have been prepared : 3(C5l-r5X.IIF).2TaF5.2lIoO ; 
CJI3X.HF.TalL. 


Oxy fluorides. 

Vanadium yields more or less stable oxyQuorides, and an oxylluoride 
oi‘ pentavalent niobium, XbOF 3 , has been prepared in tlie dry way, but 
in. the case of tantalum, free oxyfluoridcs are unknown. Tantalum 
oxytrilluoride, TaOFg, does occur, Jiowcver, in combination with 
ammonium and potassium fluorides in some double salts. The latter 
arc ]iot so numerous as the analogous niobium compounds, and differ 
from them also in method oJ* pre])aration, since they arc not formed in 
the presence of liydrolluoric acid, which gives rise to the double fluorides 
described above. On being boiled, the doul)le oxyfluoridcs of tantalum 
undergo ready Jiydrolysis, and ]>recipitatc either tantalic acid or an 
oxyfluoride in which the ))roportion of tantalic acid is greater than in 
the original salt. 

ytmnionium Tantalum Oxy fluorides or ammonium Jhwr oxy Uinta laics. 
- A sul)stancc which has the composition 3XllJVraOF3 or 

TaQ^n(XrTj 3 has been obtained by dissolving tantalic acid in a hot, con- 


centrated solution of amnioniuni fluoride and cooling. vheTcn]U)n large 
transparent oetahedra arc thrown down.' This lluoride is isomor])hous 


^ Compare Lowc'll and Scdioelk'r, Analyn, 1929, 50 , d99, 

“ .LVnnington, lor,. ciL ; f^alke, lor. rit. ; 1C K. Sinilli, (Aicvi. .:\d?rvs', 1009, 92 , 209; 
Proc. Aiiivr. Phil. Par., 1904, 44 , 191. 

Marigiaie, lor. rit. ; l>alk( 5 , loc. cit. 
jqjliraim and lleymaTin, Per., 1909, 42 , 4-10I. 

^ .Marigiiac, lor. cit. 

'' Balke, loc. cit. 

' Joly, Oonipt. rend., 1S79, 81 , 1 260 ; .1 nnales ScieiUiJlijm.i de V Kcole Normale Pnpcrienre, 
ParU, 1877, [ii], 6 , 160 ; compare Balkc, J. Amer. Chem. Poc., 1905, 27 , 1140. 
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both with the correspondinj:,^ niobium salt, 3NH4F.NbOF3, and with the 
double fluorides of some metals in which the oxygen atom is substituted 
by another fluoride atom, for example ammonium titanium fluoride, 
3NIl4F.TiF4. Evaporation of ammonia from the mother-liquors and 
cooling yields crystals of the compound 3NI-l4F.IlF.TaOF3A 

Potassium Tantalum Oxy fluoride, dKF.^TaF^.TaoO^ or Ta205. 
2(2KF.TaF5). — (See under Potassium Tantalum l^uoride, 2KF.TaF5, 
on p. 190 .) Two other potassium tantalum oxvfluoridcs have been 
reported, 2KF.TaOF3 ^ and SKF.TaOFg.^ 


Tantalum and Chlorine. 

Tantalum Dichloride, TaCla, and Tantalum Trichloride, TaCl3, 
are both stated to be obtained by reducing the pentachloride with 
aluminium in the presence of aluminium chloride ; the product is heated 
to 600 ° C. so as to volatilise the aluminium salt, and the residue is 
extracted with cold water. The trichloride dissolves readily and leaves 
the dichloride as a dark olive-green pow'der,^ wdiich oxidises on exposure 
to air and is converted into the pentoxide on being heated. The di- 
chloride dissolves in w'arm water with evolution of hydrogen to form an 
oxychloride of trivalcnt tantalum. Cold dilute caustic soda solution 
dissolves it without evolution of hydrogen or alteration in valency, but 
on being w' armed, the solution oxidises readily, evolves hydrogen, and 
precipitates an unstable browm low^er oxide wdiich is also throwm dowm 
by the addition of ammonia to the aqueous solution of the dichloride, 
or by the action of nitric acid or other strong oxidising agent on the 
acid solution. The composition of the green powTler and the existence of 
tantalum dichloride have been rendered doubtful by the investigations 
of Lindner and Feit,-^' ^vho reduced tantalum pentachloride wdth lead 
powder at 600 ° C. in an atmosphere of nitrogen, and extracted the pro- 
duct with dilute hydrocliloric acid, from wdiich, after removal of lead 
wdth hydrogen sulpliide, six-sided, dark green crystals of a cJdoro-acid 
ha\dng the composition ITra3Cl7. tlloO w^ere obtained. This compound 
loses only three of its wmter molecules at 205 ° C., and at slightly higher 
temperatures undergoes decomposition wdth evolution of hydrochloric 
acid. It contains a complex ion the chlorine atoms of wdiich scarcely 
dissociate in alcohol solution ; in w'ater, dissociation is folio w'ed by 
hydrolysis, wdth the splitting off of tw'o molecules of hydrocliloric acid. 
The co-ordinated formula is HITa3Cd7.I-I2Oj.3H2O, analogous to the 
ibrmuhe for the corresponding molybdenum and tungsten chloro- 
acids.^ The formula wms previously w'ri tten both as TaClo.2rioO and 
as (Ta3Clio)Cl2.7Il20.« 

A study of the reactions of this cliloro-acid of tantalum shows that 
in acid solution only one of the seven chlorine atoms is dissociated, and 

1 Joly, loc. cit. 

“ Hall and Smith, Proc. Amer. Phil. Soc., 1905, 44 , 179. 

^ Joh”, loc. cit. 

Ruff and 'ILomas, Zeitsch. anorg. Chem,., 1925, 148 , 1 ; Ber., 1922, 55 B, LJ 6 G. 

^ Lindner and Pcit, Zeitsch. aiiorg. Cliem., 1924, 137 , 66 ; Lindner and others, 

1922, 55 B, 1458. 

Lindner and Feit, loc. cit. ; Lindner, Zeitsch. anorg. Cham., 1927, 162 , 203 ; compare 
Ruff and Thomas, 'ibid., 1925, 148 , 19. 

Chabrie, Corngit. rend., 1907, 144 , 804. 
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a number of compounds have been prepared which are derived from the 
chloro-acid by substitution cither of this dilfercntly held chlorine atom 
or of the co-ordinated water : ^ 

(i) A vionohromocldoro-acid, H[Ta3Ci,5.Br.I-l20J.3IIo0, is obtained as 
green crystals by the action of hydrobromic acid on tantalum penta- 
chloride. 

(ii) A sulphatochloro-acid, HoLTagCle.SOJ.IIgO, is obtained by 
treating tantalum pentachloride with dilute sulphuric acid. 

(iii) Evaporation of the alcohol solution of the chloro-acid yields a 
brown resinous mass of composition H[Ta3Cl^;.Cl.C2ll50II].CoIl50H. 

(iv) With pyridine and hydrochloric acid in aqueous or alcoholic 
solutions, deep green, crystalline compounds are produced : Crll-X. 
H[Ta3Cl,.CLC,J-l3N] ; C5H5NJI[Ta3Cl,.Br.C,Il3XJ. All these 'com- 
pounds have the co-ordination number 8, and all of them contain the 
group (Ta3Cl(j) as part of the complex anion, which is probably a 
derivative of the complex anion [Ta3Clg]'h The acid of composi- 
tion lIoTagClg is unknown, but a green, crystalline pyrh/h/b./-//?. salt, 
(C5H5X2)H2[Ta3Clg).3H20, has been prepared. Other ])yridinium 
derivatives in which the co-ordination number is 7 or 9 arc known.- 
On being treated with aqueous caustic potash, the cldoro-acid loses 
two of its chlorine atoms and yields a dark brown, ainor]:)hous precipi- 
tate of composition [Ta3Ci5(H20)5].0IT aq., in which the co-ordination 
number is 10. 

Tantalum Trichloride, TaClg, is prepared by reducing the penta- 
chloride with aluminium in the presence of aluminium chloride and 
heating the product to between 350^ and •lOO'^ it is a dark green 
substance which yields intensely green aqueous solutions without 
evolution of liydrogen. Tliesc solutions arc fairly stal)le, and oxidise 
only slowly on being exposed to air ; the rate of oxidation is accelerated 
by tlie presence of alkali and chec^ked by tlic addition of acids. 

Tantalum Tetrachloride, TaCl^.-'-Thc formation of a green s\ib- 
stance the composition of whicli agrc(ai with that of a tetrachloride 
was observed during tlie preparation ol' the trichloride, hut from tlie 
data available it was impossible to decide if it was a sim])lc compound 
or a mixture of the pcntaehloihdc and tlie trichloride."' 

Tantalum Pentachloride, TaCl^, is the best known of tlie chlorides 
of tantalum. It has been ju'cpared by several methods : 

(i) By the action of chlorine*'' or earf)onyl chloride^ on lieatcd 
metallic tantalum. The ])cntaehloridc can be sublimed away. 

(ii) By the action of carbon tetrachloride,” eaihon tetrachloride and 
ehlorine,^ sulphur monoehloridc and chlorine,-^ or plios])horus penta- 
chloridc on tantalum ])ent()xidc. 

' Coiripiire Ituir and "riioniaH, Loc. rit. - la'ndiior, lor., at. 

3 RufTand d’lioinas, liar., J922, 55 B, i-KK). BvulT a-iid ddionias, lur. ait. 

I'c'r/cdiiis, An-nalan, 182/) and 4 and 6; Mois.san. (AOiajft. r( /id., I 

134, 211 ; Jhdl. ,^oc. cJiiw,., 1902, [iii], 27, 43-1 ; Lindnar and id-it, Zdtrrfi. (tnonj. Cltan. , 
1924, 132, 10. 

^ LindiKn’ and otJua-.s, loc. cit. 

' J)eTnar(;.a.y, ( tonipt. raid., 1 S87, 104, 111 ; ffall and Smildi, Proa. A'nu-r. Phil. Soc.^ 
1905, 44. 202 ; J. A'))u\r . (Jha.m. Soc., 1905, 27, 1393 ; (hhc.ru. i\(vr, 19(^5, 92, 277 , tank 
and Xi(Mi(a'laiid(a’, Jirr., 1928, 6l B, 249, 1385. 

RufT and Srdiillcr, Zeitsch. evnorg. Chan., 1911, 72, 330. 

3 Hall, J. Avier. Chc/ni. Soc., 1904, 26, 1243 ; Bouidon, Chiin. Pluja, 1910, iviii], 
20, 506 ; 8(aars and Balkc, J. A ma\ Okem. Soc., 1915, 37, 835. 

Pennington, ibid., 1890, 18, 64. 

VOL. VI. : 1 1 r. 18 
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(iii) Ey tlic action of chlorine on a heated mixture of tantalum 
pentoxidc and sugar charcoal A 

Tantalum pentachloride is usually obtained as a yellow powder 
which forms a mass of white crystals on being melted or sublimed. Its 
melting-point is variously reported as 211*3° C.p 221° C.d and between 
230° and 240° C.;^ and its boiling-point as 241*6° ^ and 233° C.^ Its 
density at 17° C. is 3*68.’^ and its vapour density at 360° C. is 12*8 (air 
— 1) ; TaCl5 requires 12*5, so that decomposition does not take place 
at this temperature. The electrical conductivity in the fused state is 
0*30x10“® reciprocal ohms (the corresponding ligure for copper at 
ordinary temperatures is 64x10“'^), so that molten tantalum penta- 
chloride is an insulator of the order of the best conductivity water.^ 
It is quite stable in dry air, and sublimes unchanged in chlorine or in 
carbon dioxide. When brought into contact with water it emits a 
hissing noise, and decomposes into tantalic acid and hydrochloric acid, 
with evolution of heat. It is only sparingly soluble in hot concentrated 
hy drochloric acid, but with addition of water it dissolves completely 
to an opalescent solution which does not throw down a precipitate even 
on being boiled. Concentrated hydrochloric acid attacks it, hydrogen 
chloride fumes being evolved, but the tantalic acid formed at the same 
time is dissolved ; the solution becomes cloudy on being boiled, and 
throws down a gelatinous precipitate of tantalic acid on being cooled."'^ 
Tantalum pentachloride is soluble in cold alcohol, chloroform, carbon 
tetrachloride and carbon bisulphide; solutions in these solvents yield 
crystalline addition compounds when treated with organic compounds. 
The followincc addition cornqooitnds with pyridine and piperidine have 
been isolated ; TaCl5.2C5H5X ; TaCl5.6C,HiiX.2C J-I5OH. Rose^i 
was unable to obtain double chlorides of tantalum pentachloride and 
tlie alkali chlorides which would correspond to the double fluorides. 

Oxychlorides. — A tantalum oxychloride of composition TaOoCl 
has been obtained by subliming tantalum pentachloride in a vacuum 
at 500° Various oxychlorides of unknown composition are stated 

to be obtained by the action of tantalum pentachloride on alcohol 
solutions of hydrochloric acid.^^ The following pyridine and quinoline 
addition compounds have been prepared 4TaOoC1.7C5H5X ; Tao03Cl4. 
4(CJl3XhHCl) ; 2TaOCl3.3(C5H5N.HCl).2CoH50H ; TaOCl3.2(C3ll5X. 
HCi). 2 CoH 30 H ; 2TaOCi3.3(C3H3N.IICl).2C JIsOII ; TaOCl3,2(C9ll7X. 
IIC1).2 CoH 30H. 

Tantalum and Bromine. 

Bromotantalum Bromide or tantalum dibrornide.- The an- 
hydrous substance is unknown. A compound which has the com- 
position (Ta3Br3)Br.3-iIl20 or Ta(5BiYj.7llA) is obtained ])y reducing 

^ JSilLz and VAigt, ZtiUch. anorg. Cham., 1921, 120, 71 ; Rose and Weber, Pogg. A n.nakiiy 
1840, 69, lid ; 1853, 90, 458. 

- Dcville and Troost, ComjA. rend., 1865, 60, 1221 ; 1867, 64, 294. 

2 Rose, Fogg. Annalcn, 1846, 69, 115. Biltz and Voigt, loc. ciL 

^ Deville and Troost, loc. cit. « Lindner and idiit, loc. cit. 

" Balke, J. A rntr. Chbrn. Soc., 1910, 32, 1131. 

^ Biltz and Voigt, loc. cit. 

^ Rose, Fogg. Annalcn, 1856, 99, 66, 575 ; Weinland and 8torz, Zcikcli. anorg. Chm 
1907, 54, 223. 

Lindner and Beit, loc. cit. ; see also Funk and Xiederlander, loc. cit. 

Rose, loc. cit. 12 Ruif and Thomas, Zeitsch. anorg. Chon., 1925, 148, 1. 

Weinland and Storz, loc. cit. i-i Lindner and Feit, loc. cil. 
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tantalum ])enla.broniide with sodium, amalc^am at a red heat in tlie 
absence oi‘ air ; the product is extracted with water whieli has 
l)ecn aeidilied with liydrobromic acid, and tlie extract concentrated. 
5 Iinute, black, hexagonal cix^stals result, which give a dark green 
powder. They 3d eld an intensel3’ green aqueous solution which is 
apparentl}^ stable in air. Addition of ammonium h3’'droxide precipi- 
tates brown flakes of an unstable lower h\^droxide of tantalum. When 
the compound containing seven atoms of bromine is treated with silver 
nitrate solution, onl}’' one atom of bromine is removed as silver bromide, 
Aclrich indicates that six atoms of bromine form part of a complex anion 
and do not undergo ionisation as Br' ions. Similarhg when the aqueous 
solution of bromotantalum bromide is treated with equi molecular 
proportions of caustic soda in the cold, dark green, thin, hexagonal 
])]ates of hroniotantaluin hydroxide, (Ta3Br(.J0n.5H20, are obtained. 
Evaporation of the h3xlroxide with hydroehloric acid xdelds hrom.o- 
tmitaluni chloride, (Ta3Br(>)C1.3pT which is very similar in a]:>pcarancc 
and general properties to bromotantalum bromide. Evaporation of 
the hydroxide with h\^driodic acid gives rise to brouiotantahini iodide, 
(Ta3Br(5)I.3pT20, in long, hexagonal prisms. All these substances 
contain the group (Ta3Br(5), which, however, has not been separateh^ 
isolated.^ 

It is important to note tliat recent investigation into tlie composition 
of the analogous chlorine compound of tantalum, viz. chlorotruitalii/)i 
cldoride (sec p. 192 ), has shown that tlie formula lI.Ta3Cl(;.Cl.-lTIo() is 
to l.)c preferred to the older formula Ta3C1^3.C1.4•IT20. By analogy, the 
com])osition of the bromine compound is TI.Thy^Bpj.Br. iHoO, and 
this assumption receives confirmation from the fact that the acid 
ir[Ta3Br,3.Br.H oO] has recently been prepared.- The foregoiiig formuljc 
for the hydroxy-, chloro- and iodo-derivatives also in’csumabh' require 
coiTcction. 

Tantalum Tribromide, TaBro. — A substance ha^ung tliis com- 
])()sition has not been definitely isolated and analysed, but it is stated 
to be formed during the reduction of tantalum pentabroinidc with 
hydrogen. It is a green powder which yields an intcuseh' green aqueous 
solution in whicli the compound is only weakh^ ionised. The green 
colour is discharged bv’' the action oF oxidising agents : addition of 
ammonia prcei]:)itates characteristic brown flakes.^ 

Tantalum Pentabromide, TaBr-, can be ])rc])arcd either distih 
hng bromine on to ])owdcred tantalum heated to betwc'cn 200 ° and 300 " C.,'^ 
or })\" ]')assing bromine vapour over a heated mixture of frcsslily ignited 
tantalum ])cntoxide and sugar charcoal, all air being ])rc\uously removed 
1)\'' means of carbon dioxide. The product is sublimed in an atmosphere 
of car])on dioxide to render it free from excess of bromine. The salt 
crystallises in long, yellow ])lates. The density of the sublimed material 
is t-OT. It melts at about 240 ° C. to a transparent, red rKpiid. and boils 
at about 320 ° C., giving a yellow vapour. When heated in hx'drogen 
above its sublimation tem])eraturc, reduction to the metal and the 
lower bromides takes ])lacc. It fumes strongly in air, and Is rapidh’^ 
attacked by water, witli ])recij:)itati<)n of tantalic acid. Alethvl and 

^ Clia[)in, J. A vier. ChevL Soc., 19.10, 32 , 324. 

- LinclTior, Zai^srJi. anorg. Chem., 1927, 162 , 209. 

^ \''an 14aa,2:ori, Th’sU, IJniv. of Fennf^ylvania (1909). 
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ethyl alcohols react with it readily, and with such considerable evolution 
of heat that tlicy take fircA 

Oxybromide. — The formation of a 3 ^cllow tantalum oxybroinide, 
TaOBrg, has been observed during the distillation of tantalum penta- 
bromide.- No double salts with it are known. 

Taxtalum and Iodine. 

Tantalum and iodine do not combine directly even when heated 
together for eight hours at 280° C. in a sealed tube.*^ Attempts to pre- 
pare an iodide by the action of iodine on a mixture of tantalum pent- 
oxide and carbon were also unsuccessful.'^ 

Tantalum Pentiodide, Tal^, has been obtained by distilling 
tantalum pentabromide in a stream of dr}'^ hydrogen iodide and purifying 
the product by redistilling it in an atmosphere of carbon dioxide. It is 
an almost black substance which melts to a brown liquid, and is decom- 
posed by water similarly to the pentabromide, but not so vigorously. 

Bromotantalum iodide has been referred to on p. 195. 

No oxyiodides of tantalum have been prepared. 

Tantalewi and Oxygen. 

Tantalum Dioxide, TaOg, has been prepared as a dark brown 
powder b\^ heating rods made of a mixture of tantalum pentoxide and 
paraflin in powdered charcoal at about 1700° C.y or by reducing the 
]:)cntoxidc at a high temperature with magnesium.^' It is stated to be 
formed also during the electrolysis of solutions of salts of the metals 
using a tantalum anode. ^ On being heated in air it takes up oxygen 
and forms the pentoxide. It is insoluble in acids, but dissolves in 
molten potassium hydroxide to form potassium tantalate. 

Tantalum Pentoxide, Ta 205 , is one of the commonest com[)ounds 
of tantalum. The anhydrous substance is produced by direct oxidation 
of the metal or by ignition of hydrated tantalum pentoxide, which is 
obtained by the methods described below. The removal ol niobium 
and other metals has been described when dealing with the extraction 
of tantalum and niobium from their natural ores. 

Anhydrous tantalum pentoxide. as usually prepared, is a white, non- 
volatile,® tasteless, odourless, amorphous powder, which remains wliite 
at high temperatures.^ ^Yhcn heated to dull redness it glows and 
assumes a crystalline form (rhombic prisms), isomor]:)hous with niobium 
])entoxide ; the same change takes place when the amorphous sul)- 
stance is fused with boric acid or microcosmic salt.^^ Its ]uclting-[)oint 

^ Ruse, Pogrj, Annalcn, 1856, 99 , 87 ; Van Haagen, J. A?/icr. CkotL Poc., 1910, 32 , 729 ; 
Chapin and Smith, 1911, 53 , 1499. 

- Ciiapiii cind Smith, loc. cit. Van Haagun, loc. (At. 

Rose, loc. cit. ; Moissan, Com.pt. rend., 1902, 134 , 211 . 

^ von Bolton, ZcAMi. Elektrochem., 1905, ii, 45; eoni])ar(' Eriedc'richi and Sitlia, 
loc. cit. ; Riiti, Seilcrheld, and Suda, Zeitsek. anorrj. Chtm., 1912, 82 , 297. 

Smith and Maas, ibid., 1894, 7 , 98. 

‘ Branch, Chem. Zeit., 1912, 36 , 1233. 

Compare Scars and Balko, J. Arncr. Chern. Soc., 1915, 37 , 825. 

^ Weiss and l iandecker, Zeit-'icJi. anorg. Chon., 1909, 64 , 81. 

Tammann, An?i. Phynik, 1902, iiv], 9 , 229; Boiim, ZACch. anorg. Chrni.. 1925, 
149,217. 

Ebelmen, Ann. Chini. Phys., 1851, 33 , 54 ; Mallard, Ann. J/t/aap 1887, ivjii], 12 , 
427 ; Nordcn.skiold and Ciiydenius, Ofvers. K. Vct.-Akad. Fork., 1800, 2 ; Pogg. Annalen, 
1800, no, 645 ; Holmguist, Bull. Geol. Inst. Ups., 1896-97, 3 , 205. 
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has been determined under dilTercnt conditions with discordant results : 
1875'' C.,^ 162(U C.“ Its density is a])proximately 7-5, but the lio’ure 
obtained varies witli the method of ])re])aration, inei’casiny with rise 
in temperature ol ignition and prolongation ol duration ot heating.-^ 
The electrical resistivity has been measured.'^ One gram of metallic 
tantalum evolves 1373 calories of heat when burnt directly to the 
]:)entoxide in a bomb calorimeter ; 1 gram of aluminium under the 
same conditions evolves G070 calorics.^ The calculated heat of 
formation of tantalum pentoxidc is as follows : 

2Ta + i(502)=Ta205-i-498-3 Cals. 

Tantalum pentoxide is a remarkably stable substance. It is not 
attacked by chlorine, hydrogen chloride, carbon tetrachloride, bromine 
or hydrogen bromide even at high temperatures,^' but if it is previously 
mixed with carbon these reagents do attack it. When heated with 
])hos])horus pentachloridc or ])hosphorLis trichloride in an air-free 
scaled tube at 200'^ C. it is converted into the pentachloridc.” Sulphur 
is without action on it ; hydrogen sulphide produces traces oC tantalum 
disulphide at high temperatures ; carbon disulphide produces tantalum 
disulphide at a white heat.*^ Carbon, at high temperatures and in the 
absence of air, reduces the pentoxide to a carbide, TaC,^ or to a mixture 
of the low'er oxides ; in the presence of air a mixture of the carbide 
and nitride is produced.^^ Reduction with aluminium yields an alu- 
minium-tantalum alloy. The oxide is insoluble in all acids excei)t 
hydrolluoric acid. According to some investigators the solution of 
tantalum pentoxide in hydrolluoric acid loses some of its tantalum 
content on being eva])oratcd ; according to others, however, no such 
loss takes ])lace.^'^ It has recently been shown that pure tantalum 
jK'ntoxide, prepared by oxidation of the metal, docs not show any 
volatility when evaporated in hydrolluoric acid, and any loss that 
takes place has l^ecn attributed to the ])resence ot traces of alkali in the 
pentoxidc. The amount of the loss varies with the alkali content, 
and the pentoxide can be completely volatilised by heating with 
ammonium lluoridc. Xo loss of tantalum takes place in the })rcsc]K*.e 

^ J-liUl, St'iftii'held, iuid Suda, lIhcJi. anorij. I'Ji.d, 82, .80S. 

- Wnrlonbci’g, IL'oy, and Hnimcla*, '/jcdsdi. IClc.ldrorln /ii. , 29, iMl. 

llosi', do(j(j. A'iiiuiU' n , 18-lS, 74, 28”),* 1897, 100, 828; Ann. ('lani. Ahi/s'., 

I8f)(), [iv |, 9, 2.‘)4- ; l)c\'illa and I’roo.st, Con/.jjt. rcfuL, 18(57, 64, 208 ; rioJimiuist. lor. nf. ; 

1 liiiruT.sen and Saldboni, Hrr., lOiji), 39, 2()(»(J ; Mutlinuinn, Wddss, and llird(8b;uich, 
Annalc.n., 1007, 355, 88 ; P>a.lk(.‘, </. Aiiirr. (Ht.rni.. Sor., 1910, 32, 1181. 

^ ti'icdericli, Zeitsek. P}u)SiL\ 192.‘), 31, 81.8. 

Moose and Parr, J. Atn.cr Cli.rin,. Aoc., 1928, 46, 2(5(50 ; f;onij)ar<' Minliinana, Mi iss, 
and Iviedolbaiudi, loc. cit. 

Sriutli and Maas, ZrlUrJi. (inortj. ('iu'/n,., 1804, 7, 0(5; Drlal'ontaiiic and 1 jiirbaiycr, 
-/. Amrr. Cheni. Aoc., 189(5, 18, 0.80 : KiilV and Tlioinas, Zf'iUch. unonj. 102(5, 156. 

21.8 ; Travers, Conipt. rand., 1918, 166, 498. 

Pennington, J. Amtr. ('dnn. Sor., 189(5, 18, (58. 

Smith and Maas, lor. cit. ; Bdtz and Kirehej-, />./•., 1910, 43, 1(58 8. 

Pricdench and Sittig, Zviisrh. (inoni. (Jhr}ii,., 192.7, 144, 1(50. 

JvulT, Seit'erheld, and Siida, loc. cU. ; oonifKire Slade and riigsnii, J. ('hon. dor., 
1919, 1 15, 211. 

Priederieli and Sittig, ZtitscJi. anora. Cha/n., 1927, 143, 29.8. 

Rose, Po(j(j. Anwilan, 1870, 99, 881 ; hevy, lOol, 26, (58 ; 101.), 40, 208 ; 

Travers, loc. cit. ; Vain Haagen aiul Smith, J. A inrr. (Ihc/ni.. dor., 101 1, 33, 17()7. 

Kill! and Schiller, ZaiL’^rh. (m.orfj. (.dtr/ni.., 191 1, 72, .820 ; compart' also I'-choeller and 
id:) well, Anrdijst, 1928, 53, 278. 

Halm and I'uetter, Zaitach. anorg. CIlcih.^ 1923, 127, 153. 
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of concentrated sulpliurie acid. The oxide is volatile in hydrogen 
chloride at 900° When prepared by precipitation in the presence 
ot nitric acid or sul])huric acid the ignited material retains traces of 
these acids. ^ Ignited tantalum pentoxide is also dissolved by fusion 
with potassium hydrogen sulphate, ammonium hydrogen sulphate, 
caustic })otash, or a mixture of sodium carbonate and borax. ^ 

Uydraies of Tantaliun Foitoxide, Colloidal Taodaliini Fonio.vide. 
Ta)d(dic Ac.id. — When tantalum pcntachloride or ])entabromide is 
treated with Avater, or when a solution of a tantalate is boiled witli 
dilute acids, a gelatinous precipitate, of more or less hydrated tantalum 
pentoxide is thrown down. Insoluble tantalates on fusion with potassium 
hydrogen sulphate and extraetion of the melt with waiter give the gel. 
Ill dealing ivith double fluorides of tantalum it is necessary to remove 
all the hydrofluoric acid by evaporation wdth concentrated sulphuric 
acid, otherwise double fluorides are obtained. 

As in the case of hydrated niobium and vanadium pentoxides, it is 
a dilficult matter to remove traces of mineral acids from the precipitate. 
Treatment with ivater gives rise to a cloudy hydrosol wiiich jiasses 
tlirough an ordinary filter. This can be prevented by addition to tlie 
wnish-waiter of a small quantity of ammonia or acetic acid.*- In tlie 
preparation of anhydrous tantalum pentoxide, traces of acids can he, 
removed by igniting the gel in admixture wdth a small quantity of 
ammonimn carbonate. 

Hydrated tantalum pentoxide is a white, amorphous substance. 
A crystalline form is stated to be obtained when tantalum pcntachloride 
is treated rapidly with water ; the precipitate throw’ n downi is dried 
slow’ly and again treated with watcr.^ A granular variety is ])roduccd 
w’lien sodium tantalate solution is treated w'ith sulphur dioxide and tlie 
ilaky ])rccipitate is dried. ^ Tantalum })entoxide gel becomes incan- 
descent and loses its w'ater content w’heji it is rapidly heated to 500° C., 
unless it has been previously aged by wnishing with w’ater. This ‘‘ glow^ 
})heuomenon is also displayed by hydrated chromium sesejuioxide, by 
aluminium oxide, and by titanium dioxide. The composition of the 
g(‘l, when dried at 100° C., varies wdth tlie method oi‘ prejiaration. 
Various hydrates have been reported^ but their composition must he 
regarded as accidental, because recent investigation ^ lias shown that 
continuous variation in the W’atcr content takes ])lacc witJi variation 
in the vajicur-prcssure. The curves obtained w’cre A'cry similar to 
those given by gels of stannic oxide and silica. A true tantahe a(‘itl is, 
therefore, unknow’ii, but the name is used for the more or less hydrated 
pentoxide. The properties of a hydrosol of tantalum jicuLoxidc^ pre- 
jiared by dialysis of the aqueous extract of an alkali nioliatc arc referred 
to on p. 180. 

Hydrated tantalum pentoxide or tantahe acid is very comjiarahle 
in its properties to niobic acid (see p. 157). It is sohiiile in excess 

' Ti'avci's,, loc. at. 

- S('a['s and Lalkta loc. clt. 

\\’( is.s and iaiiulcckc)-, Zcitdch. a/ionj. Cht/u.. ,1909. 64 , 98. 

' W'eiss and laindoc:ker, Und., 1909, 64 , <37 ; UIk-ih. Scird, 19o9, 99 , Ik 
Poijg. A nuAiltn, 18-18, 74 , 245. 

Abt'Lrg, J / (nKlbucJi. di.r anorganidchcii Cficiihic ( Lc-ip/.ig)? 1907, 3 , iii, 859. 

‘ Jtose, d()(f(j. A'/t/naltn, 1857, lOO, 417; RatanudsberL!:, ibid., 1809, 136, 177, 825; 
Hennanii, d. 'j)r(d:t. Chem., 1857, [i], 70, 195 ; 1872, [ill, 5, (HI. 

Jaiidnr and Schulz, Zcitsch. anorg. Che-hL., 1925, 144, 225. 
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of strong acids to form a colloidal solution.^ The hydrate, which is 
prepared by precipitation from cold dilute solutions of alkali tantalates 
by means of dilute sulphuric acid, dissolves in hot concentrated sulphuric 
acid, and is reprecipitated by diluting the cooled solution with water ; 
hydrated niobium pentoxide is not reprccipitated, however, under 
similar circumstances, and its solution remains clear. Hydrated 
tantalum pentoxide differs from titanium dioxide in that it yields a 
flesli-coloured insoluble addition compound with ammonium salicylate, 
whilst titanium dioxide passes into solution.^ Whereas niobic acid and 
titanic acid are practically completely soluble in hydrogen peroxide, 
tantalic acid, wdien precipitated hot, is almost insolu])lc, and when 
precipitated cold is only partly soluble.'^ Certain weak acids, for 
example oxalic acid and tartaric acid, dissolve tantalum pentoxide, 
probably because of the formation of soluble heteropoly-acids. 

Tantalates. 

Tantalum pentoxide is insoluble in solutions of caustic alkalis and 
alkali carbonates, but on being fused with tliese substances reacts to pro- 
duce the alkali tantalates. Tantalates of the metals are obtained by 
double decomposition, using a soluble alkali tantalate and a soluble salt 
of the metal. Tantalates of the alkaline earths have also been obtained 
l)y iusing tantalum pentoxide with the chloride of the alkaline earth. 

The tantalates display wide variations in comi^osition, the propor- 
tions of basic oxide to acid oxide ranging from 1 : 3 to 5:1, but, as 
in the cases of the vanadates and niobates, it is probable that many of 
tliosc which have been prepared and described are really isomorphous 
mixtures of simpler compounds. According to Marignac,^ the only true 
chemical compounds are the 1 : 1 or iiieta-sults, of the general formula 
RyO.TaoO^, and the 4 : 3 or hexabasic salts, of the general formula 
4 R*o(). 3 Ta 205 . According to a recent investigation,^^ the members of 
the latter series are more correctly represented as 7 : 5 salts, ibr cxam])le 
TKoO.aTaoO^.^-lJIoO, and not as 4 : 3 salts ; they can be alternatively 
written as derivatives o(‘ the hypothetical ortho-acid, IT 3 Ta 04 , in winch 
cacli of the four oxygen atoms has been replaced by a co-ordinated 
(TaO^) group, tlius I 4 [Ta(Ta 04 ) 4 j ; for example, K.[Ta(Ta 04)4 i.UiHoO. 
This class of alkali tantalaUcs is of importance because it includes the 
only soluble tantalates known, other alkali tantalates and the tantalates 
of all other metals being insoluble in water. 

The soluble alkali tantalates undergo ready liydrolysis ; when their 
acpicous solutions arc boiled, prcci[)itation of a more acid salt takes 
place and some alkali base passes into solution. Separation of the 
base in this manner is naturally favoured by the ])rcscncc of acids, and 
c\T;n so weak an acid as carbon dioxide or hydrogen sulphide precipitates 
tantalic acid or an acid salt; with the stronger acids (sulphurous acid, 
sulphuric acid, hydrochloric acid, nitric acid, etc., but not with hydro- 
fluoric acid) precipitation of tantalic acid takes place readily, but excess 
of* the strong mineral acid redissolves the precipitate. Potassium chloride 

1 Jandco- and Schulz, loc. cit. 

- Weiss and Landecker, ZfiUclL. aiiorg. ('hc/rn., 1909, 64 , SO. 

I^an,a;c, ZciUcM. X (diirv'is.'i., Jldlta, 1910, 82 , 29. 

' Italin and Uillc., (niorg. 1920, II2, 28.3. 

^ MaifL^nac, Ann. (Xrl'}/L 1800, fiv], 9 , 249 

dander and Schul/, Zdtsch. anorg. CJinm., 192,"), 144 , 231. 
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and ammonium salts also precipitate tantalic acid from solutions of 
tantalates. Arsenious acid, arsenic acid, hydrocyanic acid, tartaric 
acid and citric acid do not, however, hydrolyse solutions of alkali 
tantalates ; this difference in behaviour is attributed to the formation 
of soluble salts of hetero])oly-acids. Addition of caustic soda or con- 
centrated solutions of sodium salts to a solution of potassium tantalate 
yields a precijktate of sodium tantalate which is insoluble in the ])rcscnce 
of a high concentration of sodium ions. 

Measurements of the electrical conductivity of solutions of alkali 
tantalates have been ma.de,^ but no definite conclusions are dcducible 
as to the complexity of the ions present. 

Some reactions of tantalates have been described when dealing with 
the detection of tantalum (see p. 132). 

The following tantalates are known : 

Aninionhwi Tantalate, (NH4)20.3Ta205.5lT20, is obtained as a 
liocculent precipitate by the addition of ammonium chloride to a solu- 
tion of 4 : 3 sodium tantalate.^ An amnioninvi 'potasAmn tanlalafe, 

been obtained by the same 

reaction, using potassium tantalate. 

Barium Tantalaie, 4BaO.3Ta2O5.6H2O, results from the action of a 
barium salt in solution on a solution of 4:3 sodium or potassium 
tantalate.’'^ 

Ccesiurn TaMalaies. — Fusion of tantalum pentoxide with cicsium 
carbonate and extraction with water yields monoclinic crystals of the 
4 : 3 salt, 4Cs20.3Ta205.14Fl20 ; addition of alcohol to its acpieous 
solution precipitates the 7 : G salt, 7Cs20.6Ta20,v38iT20.'^ 

Calcium Metatantcdale, Ca0.Ta205, is obtained as a crystalline mass 
by fusing calcium chloride with tantalum pentoxide. Fusion of this 
salt with more calcium chloride gives crystals of the 2 : 1 or pijro-salt, 
2Ca0.Ta205.^ Calciu)n 'pyrotcuitalale is present in somc! of the natural 
tantalum ores, for example in fergusonite and miLrolited 

Cobalt Tantalate, CoO. 1^X005. — Av compound ha\h)g this pro])able 
composition has recently been prepared by heating the two oxides 
together at high temperatures." 

Iron Tantalates, — The meta-salt, Fe0.Ta205, has l)cen obtained more 
or less pure by fusing tantalum pentoxide and ferrous iluoridc with, 
excess of ]oota.ssium chloride.^ Iron tantalates occur naturally in 
niobites and tantalites. 4’hc ore iapiolite has the approximate com- 
position Fe0.Ta205 ; tlic tantalum may be partially substitutcal by 
niobium.^ 

Lithium Taritalatc, 7Li20. 5440.205. 401120, is precipitated in six-sided 
plates when lithium hydroxide solution is added to a solution of 7 : 5 
potassium tantalate.^^ 

^ Jandcr and Schulz, loc. clt. - Kosc, Pogg. Amialnn, 1857, 102, 55. 

^ Pv-ose, loc. cit. ; see also Hodvall and Z\vcUtor_"k, Zcifsch. niiorg. (lo'rii., 1910, 108, ! 10, 

Balke aiid Smilli, ,f . A'lucr. (-hfni.. Soc., iou8, 30, mOO. 

^ July, Cohbjjt. rend., 1875, 81, 257 ; A ynuiles Scientijignen dc I Kcole A’o?'?/w/./f; Sngn' rieu re. 
Par in, 1876. 125. 

'' A^orden.slvjold, Zeitscli. Krifel. Min., 1001, 34, 002; Idink, ibid., 100 ], 34, 6S1 ; 
iSinrpson, Cher/h. Nen:n, 1909, 99, 77. 

• .Ucdvall, ZtiUrlt. euiorg. Chcru.., 1015, 93, 313. 

Joly, loc. Clt. 

^ Dana, A Zijnle.ni of Mineralogg (\Vilcy, New York), 1806, OtJi ed., p. 738 ; Sini]).s()n, 
Min. Mag., 1917, 18, 107 ; J. Cheni.. Sor.., Abn., 1917, [ii], 112, 377. 

dander and Schulz, loc. cit. 
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Magnesium Tantahiles . — The 4:3 salt, iMgO.STaoOr^.OHoO? separ- 
ates out on the addition ot a solulole inau-nesivini salt to a solution of a 
tantalale. Fusion of inagTicsiuMi chloride and tantaliun [)cntoxide has 
given large hexagonal plates ot tlic 4 : 1 salt, iMgO.Tao^^od 

Mercurous Tantalate, 4ilg20. 314x005.51120, is a greenish-yellow 
compound which is preei])itated by mixing a mercurous salt and a 
tantalatc in solution.- 

PotassiiDu TcuvUdates . — The I : 3 salt, 4Ko0.3Ta205.1GnoO, is pre- 
pared by i'usi ng tantalum ])entoxide with excess of caustic ])otash in a 
silver (‘.riieiblc ; the aqueous extract is evajDorated in a vacuum. It 
I'orms monoclinic prisms, ei : b : c — 0*7164 : 1 : 0*5475 ; /3--95'^ 194 

It is stable in air and can be crystallised from its aqueous solutions 
unchanged, but boiling the solution precipitates a more acid salt.'*^ 
According to the more recent investigations of Jander and Schidz,'^ tlic 
crystals obtained by the foregoing reaction are six-sided prisms of tl'ie 
7 : 5 salt, 7K 20.5Tao05.24ll20 ; varying proportions of tantalum ]3ent- 
oxide and caustic potaslx wmre employed with the same result, but 
evaj^oratioii was efi'ected either over phosphorus ])entoxide or on the 
water-])ath, and the crystals were waslied with alcohol. 

Potassiuvi Metatan-talate, 1x00.1^005, is produced when the 4 : 3 
salt is heated and the product washed with w'ater. It is insoluble in 
water. The 2 : 3 salt, 2K20.3l4x205.6iIo0, is precipitated out by the 
action of carboix dioxide on the aqueous extract of a fused mixture of 
tantalum pentoxide and ])otassium carbonate.’^^ Continued boiling of 
tliis salt with waiter yields the 1 : 2 salt, K20.2Tao05.3ll20. The 
anhydrous 3 : 7 salt Inxs also been reported. 

Ruhldkon TaoUalate, •l•llb20.3Ta205.14lI oO, is obtained in trans- 
parent, coJourlc^ss, monoelinic ])risms by hising tantalum pentoxide 
with rubidium carbonate and extracting tlie jxielt with water. It is 
isomorplious witli tlie corresponding niobium salt and witli 4 : 3 eaxium 
tantalate.^ 

Silver TanUdatc, tAgoO. 3141005. 3lIoO, is a yellowish-white substance 
formed by the action of a silver salt on a tantalatc in solution.' 

Sodhivi T(i)ucdaics.---l : 3 Sodium tantalatc, 
is ])rcpm’(‘d by i'using tantalum ])cntoxide with, caustic soda in a silver 
erucil)le ; excess of caustic soda, is removed by washing with water, and 
the residue is crystallised from InM water.^ Anotlier metliod consists 
in adding- a concentrated solution of sodium chloride to the acpieous 
extract irom a fused mixture oi‘ tantalum pentoxide aiid potassium car- 
bonate, wdien tlie salt se])arates as a dense, micro-crystalline powder.’’ 
It forms six-sidc'd ])lates, a: : 1*0167. It loses most of its -water 

of crystallisation between 105'-’ and IK'F C., but the remainder 
(ap])areutly livc^ molccuics) aj)j)cars to lie water of constitution, as its 
removal takess place oidy at mucli higlier tenijioratures, with dceorn- 

^ 9()ly, loc. oil. 

” i loc. cil. 

tJosc, A ii)i(d(‘.‘iK ISST, 100 , SSO ; M-n“ign;io, Aim. ('hi)ti. PhiJs.. 1,SG6, [ivyl, 9 , 251). 

’ Saii(l(‘r and ScliiiJ/, lor. rit. 
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position. It is soluble in 493 parts of water at 18*5° C. and in 162 parts of 
boiling water, but at the latter temperature hydrolysis takes place, with 
precipitation of a salt which is richer in acid. The solution is alkaline 
to litmus. ^ According to Jander and Schulz,- the composition of tiie fore- 
going salt when crystallised at ordinary temperatures is 7Xa20.5Ta205. 
4011 oO or Xa-[Ta(TaO4)4].20ll2O ; when crystallised at 100° C. it 
forms needles, the composition of which is 7Xa20.5Tao05.22lIo0 or 
Xa,fTa(Ta0j4].llH20. 

Sodium Metatantalaie, Xao0.Ta205, is obtained from the 4 : 3 salt 
cither by lieating the latter strongly and washing the residue with water, 
or by the addition of alcohol to its aqueous solution. In the latter case 
the metatantalate contains two molecules of water when dried at 100° C. 
Wiien an aqueous solution of the 4 : 3 salt is treated witJr carbon 
dioxide or hydrogen sulphide, the 1 : 3 salt, XA20.3Ta205.5ll20, or the 
2 : 7 salt, 2Xa20. 71X205. lOHoO, is obtained. 

Hetero-Taxtalates. 

Tlie evidence for the formation of complex heteropoly-acids with 
tantalic acid is very comparable to that set forth in the case of niobic 
acid (see p. 165). Solutions of tantalates arc readily liydrolysed in 
aqueous solution by boiling, and even more readily by the addition of 
mineral acids, acetic acid or succinic acid ; in the presence, however, 
of arsenious acid, arsenic acid, tartaric acid or citric acid no precipita- 
tion of tantalic acid takes place. Again, tincture of galls yields a 
yellow precipitate with solutions of tantalates which have been rendered 
feel^ly acid with sulphuric acid ; this reaction does not, however, take 
place in the presence of ordinary tartaric acid, racemic acid or citric acid. 
Tartaric acid also prevents the formation of the precipitates which are 
tlirown down on the addition of potassium ferrocyanide or potassium 
ferri cyanide to faintly acid solutions of tantalates, and hinders the 
precipitation of tantalic acid from solutions in inorganic acids by the 
action of ammonia. In all these cases it is assumed that complex 
acids or their salts are produced, in consequence of which the usual 
reaction does not take place. 

Xone of these complex acids has, however, been isolated, and only 
one well-defined salt, namely, 'potassium oxalo-tantalate, 51x20.1X005. 
IOC0O3, is known. This compound has been prepared by fusing tantalic 
acid with potassium carbonate, dissolving the product in water, and 
adding oxalic acid.^ It undergoes hydrolysis more readily than 
potassium oxalo-niobate. 

Tantalic acid dissolves in oxalic acid, but not so freely as niobic 
acid ; the solution, which presumably contains oxalo -tantalic acid, is also 
more readily hydrolysed than solutions of oxalo-niobic acid.^ 

Among naturally occurring conqdcx tantalates tlic following liave 
been observed, but exact analyses are not always available : titano- 
tantalates, silico -tantalates, stanno -tantalates, antinwnyl-tantalates, ura.no- 
ta ntala tes , uran o-titanota ntalates . 

^ Rose, Zoc. cit. ; Wedekind and Alaas, Zeitsch. angeiv. Chem., 1910, 23, 2315. 

- Jander and Schulz, loc. cit. 

^ Russ, Zeitsch. anorg. Chem., 1902, 31, 90. 

Weiss and Landecker, ibid., 1909, 64, 70 ; Chein. ISiews, 1910, loi, 2G ; Powell and 
Schoeller, Analyst, 1925, 50, 485. 
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Pertaxtalic Acid and the Pertantalates. 


Pertantalic Acid, HTa 04 .R-K 20 , is the analoo'uc ol‘ perniobic acid 
and pervanadic acid. It differs from them in its greater stability. 
Per^'anadic acid is a yellow substance which is rapidly decom]30sed on 
being warmed ; pertantalic acid is a white solid which can be heated 
for some time at lOO"^ C. without undergoing decomposition. (This 
behaviour is remarkable in a per-acid.) Pertantalic acid is ]n'eparcd 
similarly to perniobic acid, using dilute sul[)huric. acid and the ])otassium 
perniobatc, K 3 Ta()^. J H oO. Analysis sliows that it contains one atom 
of active oxygen for each tantalum atom, and the Jbllowing constitu- 
tional formula lias been assigned to it : 


HOx 


O 


/ 


Ta< 


0 

I 

•o 


It is not attacked by dilute sulphuric acid in the cold, but on warming 
the mixture hydrogen jieroxidc is formed. Pervainadic acid, on the 
other hand, is dcconi])osed by cold dilute sul])huri(‘, acid. Perniobic 
acid oceujiics an intermediate ])osition in the order oi’ stability.^ 

Pertantalates arc prepared by the action of excess of hydrogen 
peroxide on solutions of the 4 : 3 alkali tantalatcs ; addition of alcohol 
preci])itates them as white, crystalline eompounds which yield liydrogen 
peroxide with warm dilute sulpliuric acid and ozonised oxygen with 
concentrated sulpliuric acid. ()n being boiled with water they evolve 
oxygen. Tlieir conpiosition usually corresponds to the formula 
ll* 3 Ta 04 .:?:n 2 O ; tliey contain lour atoms of active oxygen J‘or each 
tantalum atom, ancl the following constitutional i'ormula lias been 
assigned to them : 

ROOv /() 

ROO-pL'a/ I 

ROO/ Vq. 

The following are known in this scries m 


Xa.;raO,.no() 
Xa.,TaO,.l ill ,(3 

K.;hi(3,.uioO' 
Rb^raOs^ \ 


A white, amorphous ])owder. 
Pale yellow crystals. 

A wliite, crystalline mass, 
I)o. do. do. 

Do. do. do. 


also the following double salts : KCaTaO^.IITloO ; KAlgTaO^.TlIoO ; 
NaCaTaO,.4UIoO ; XaAlgTaOs.SlI oO ; RbMgTaO^.olI.O'. 

In addition to the above, a sodium [lertantalate of the conpiosition 
Xa./iknOjj.Idli oO has licen ju’cfiarcd by treating an aqueous extract ot' 
the residue whieli is obtained when a solution of I : 3 sodium lanlalatc 
is eva])orated to dryness witli a few drops of liydrogen ])eroxide and 
then adding a little alcohol. A white, amorplious powder of tlie eom- 
position indicated is thrown down. It yields hydrogen ]ieroxide with 
dilute sulphuric acid. The ratio X'aoO : TuoO^ : active oxygen is 1:1: 3, 

^ Mclik(af and [dssarjowsky, Zc.iii<ch. anorg, Chem., 181)1), 20, .‘kkl ; Si(;\a‘i-is anti Muller, 
ibid., 11)28, 173, 21)7. 

- Altdikolt and loc. cit. ; Talke, J . Amer. Chtm. Soc.., 1905, 27, 1140. 

^ Balke and Smith, ibid., 19US, 30, 1068. 
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and wlien the salt is treated with freshly jwccipitated aluminium 
hydroxide, two-thirds of the aetive oxygen is retained by* the precipitate, 
the other third passing into the filtrate. These ligures agree with the 
constitutional formula 

/O /O 

NaO.Ta< ' , XaO.OTa< | . 1311,0. 

ii \o II \o 

o o 

This sodium pcrtantalatc. thcTcforc, appears to be a double salt, 
NaTa0,.Na().Ta04.b3H oO.^ 

Tantalum Peroxyfluorides or FhuyroxijjJcrUndalaies . — The alkali 
tantalum oxyliiiorides also have the property of taking’ up oxygen b}^ 
reaction with h\xlrogen peroxide. 

When potassium tantalum fluoride is dissolved in 4 per cent, hyxlrogen 
peroxide solution which contains a sma.!! amount ol* hydrofluoric acid, 
crystals of potassium tantalum peroxy fluoride, ‘iKF.TaOoF^.TI 
obtained. This is a remarkably stable substance ; it loses water at 1 00^ C. 
and oxygen only at higher tcm})craturcs. AVitli eoneentrated liydro- 
flnoric acid it yields liydrogcn peroxide.^ The corresponding ru})idium 
salt, 2RbF.TaO2F3.lI2O, is prepared similarh’'.^ 

Tantalum and Sulphur. 

Only one sulphide of tantalum, namely, the disul})liide, TaSo, is 
known, and this is prepared by a dry method. Hydrogen sulphide docs 
not precipitate any sulplhdes when passed into a solution of a tantahite, 
nor docs reduction take place ; it is without aj)preeial)le action on 
tantalum peiitoxidc even at C.^ 

Tantalum Disulphide is most convcnicutly prepared by passing a 
dry mixture of hydrogen sulphide and ear])on disulpinde vap()nr over 
tantalum pentoxide between 900^' and KiOO'' (!.^ It has also been 
obtained by the action of carbon disulphide on tantalum ])entoxide at 
a white lieat,^ by the action of hydrogen sidphide on taiitalnm ])enta- 
chloride, or by gently heating tantalum in sul])hur vapour, but tlie true 
composition ol tlic products in these cases is somewhat uneertam. 
Tantalum disulphide is a black ])owder with a metallic lustre ; when 
lieated above 1200° C. it forms yellowish cr\^sta!s. It burns in air or 
oxygen with evolution of sulphur dioxide ; the tantalum pentoxide 
simultaneously produced contains sulphuric anhydride. Hydrogen 
attacks it only feebly ; chlorine docs so more readily. It takes up 
traces ol water, which it retains very firmly ; at high temperatures t]K‘ 
alAsorhcd water reacts to form hydrogen sulphide ami tantalum oxides. 
Concentrated solutions of potassium polysulphides and boiling hydro- 
chloric acid are without action ; it is slowly attaeked by cold nitric acid, 
hydrofluoric acid, sulphuric acid, or a mixture of nitric acid and hydro- 
fluoric acid; boiling nitric acid and aqua-regia oxidise it eompkTely to 
tantalum pentoxide and sulphuric acid. 

‘ ricciiii, ZeiUcli. anouj. Ckcm., 1892, 2, 24 ; Ralke, ./. Amcy. (dica, Sor., lOOS, 27, 1 lAO. 

- Lalku and Smith, ibid., 1008, 30, KiliO. 

^ Jhllz and Kirclurf, i>ur., 1010, 43, IGoG. 

^ Ihltz and Kircher, Joe. cit. 

Rose. Pogg. Annaleii, 185G, 99, 575. 

® von Bolton, Zeiisch. ELcktrochem., 1905, li, 45. 
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Sulphates. — No sulphates of tantalum have been definitely prepared. 
A fused mass of tantalum pentoxidc and potassium hydrogen sulphate 
after extraction with boiling water is crystalline and contains the sul- 
phate radical, and it has been assumed that a sulphate of tantalum 
is present. After drying at 100° C. the product in one case ^ had the 
composition 3Ta205.S03.9IT20, but this was most probably the hydro- 
lytic decomposition product of an unstable sulphate present in the melt 
or in solution.- 

A chlorosulphatotantalum acid, IT2[Ta3ClQ.S04].IToO, is referred to 
on p. 193. 

Tantalum and Nitrogen. 

Tantalum reacts slowly with nitrogen when heated in the gas ; 
combination commences at aliout 900° C. One gram of tantalum wire 
absorbed 2-2 cc. of nitrogen in one hour between 920° and 1030° C.,^ 
and this wms not expelled by heating in vacuo. In an earlier investiga- 
tion^ thirty-one hours’ exposure at 1000° C. gave an absorption equal 
to 17*3 per cent, of the w'eight of tantalum. 

Tantalum Mononitride, TaN, has been prepared by heating the 
metal first in hydrogen and then in nitrogen,^ or by the action of hy- 
drogen and nitrogen on tantalum pentachloride vapour.^ It is a dark 
blue or black substance which melts at 3070° abs. with some loss of 
nitrogen. Its dissociation pressures have been studied.^ Density ==:14T. 
Direct heating of tantalum in nitrogen has also given rise to a black 
dinitride, TaNo, wdiich is not attacked by concentrated liydrochlorie, 
nitric or sulphuric acids. It evolves ammonia when fused with caustic 
alkalis, and burns with incandescence to the pentoxide when heated 
in air.® 

Tritantalum Pentanitride, Ta3N5, has been obtained as a bright 
red, amorphous jiowder by passing ammonia over heated tantalum 
])eiitachloride. On being heated in air it forms the pentoxide, and when 
fused with caustic potash it evolves ammonia.'^ 

Nitrides of doubtful eom])osition are also formed by the action oi: 
ammoniaA^ or cyanogen on the heated pentoxide. Fusion ol a mixture 
of tantalum ])entoxide and carbon in excess of sodium carbonate under 
ordinary conditions also gives rise to a tantalum-nitrogen product.^- 

Tantalum and Carbon. 

Reduction of tantalum pentoxide with carbon in the electric furnace 
yields carbides or alloys of variable composition,^^ Traces of carbon 

^ I Icrniann, J. ■pvald. Chavh., 1857, 70, 201. 

“ C()nq)arc‘, Scau’s, J. Aiiitr. Chc.rii. Sor.., I92(t 48, 3-10. 

Sic veals ;iiul BeriXiK'r, JJc.r., 1911, 44, 2395. 

■' iMtit.limanii, W'ciss, and l\.i(‘dcdbaiich, Av.'Nfd'Mi, 1907, 355, 92. 

LraMliM'ich and Siliiir, Zcilsch. anortj. CIic,in., 1925, 143, 293 ; Bcckiv and I'ihcrt, 
ZeiL'^rh. P/iifsTk. 1925, 31, 271. 

^ Vdiii Arkoi and dc iSoer, ZHtsch. (Diorg. ChcDL, 1925, 148, 31 S ; sec aJso doly, Jliill. 
Soc. ('him., JS70, [ii], 25, 500 ; Chc.m. A5nv;.v, 1870,33,251 ; Aniudcc^ ScUtniijiqUi s c/c li Jhajlc 
Xormala S'U]i(iri(.i(re, Xaris, 1877, 149. 

' Slade and Hinson, 7. CV/ev//. SV>r., 1919, Ii5> 210. 

5tut,hniann, Wads.s, and nkakdOaueh, he. c.it. 

•' d(dv', loc. cd. : sea' also Rose, Po(j(j. A /iruden, 1857, 100, 140 ; 1859, 106, 141. 

Rose, ibid., 1850, 99, 00 ; 1844, 63, 317 : 1840, 69, 115. 

Rose, ibid., 1857, 100, 140. 

Friedcricli and Sit tig, loc. cd. 

Compare ltu£f, Seiferhcld, and Suda, Zeiheh. anorg. Ghem., 1913, 82, 397. 
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render tantalum hard without affecting its ductility ; when the carbon 
content exceeds I per cent, the product is extremely hard but Iwittle ; 
tantalum containing 0*5 per cent, of carbon can, liowevcr, be drawn 
into wire 0*1 mm. diameter.^ 

Tantalum Carbide, TaC, lias been prepared by beating a mixture 
of tantalum pentoxide and carbon in a molybdenum boat at 1250° C. 
in a stream of hydrogen,^ or by the action of hydrogen and carbon 
monoxide on tantalum pentacbloride.^ It is a dark grey or black 
substance which is insoluble in all acids, and burns to the pentoxide 
when powdered and heated in air. Density = 13-96. It melts with 
decomposition at 4100° abs., which is probably the highest melting- 
point 3 "et recorded for a chemical compound. Its hardness coefficient 
lies between 9 and 10. It is a good conductor of electricity.'^ For its 
crystal structure see reference cited.^ 

1 Yon Bolton, ZcAtsch. Elchtrocliem., 1905, ii, 47. 

“ Fricderich and Sittig, ZeAtsch. anorg. Cficm., 1925, 144, 174. 

^ Van Arkcl and dc Boer, ibid., 1925, 148, 348. 

* Friederich, Zeitsch. Physik, 1925, 31, 813. 

^ Becker and Ebert, ibid., 1925, 31, 269. 
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Gold-tantalum alloys, 183. 

Group Va, General characteristics of, 3. 

Halides of niobium, 143. 

, Constitution of, 144. 

, Double, 5, 144, 148, 151-153. 

tantalum, 187. 

, Constitution of, 189. 

, Double, 5, 189-192, 194. 

— vanadium, 36. 

• , Constitution of, 39. 

, Double, 5, 37-39, 44, 47. 

j j.eat of formation of niobium pentoxide, 156. 

— tantalum pentoxide, 197. 

vanadium oxides, 31. 

chlorides, 46. 

Hcteropolyacids, General discussion, 81. 
Hetcropoly molybdates, 84-88, 91. 
Heteropolyniobates, 7, 142, 158, 159, 165. 
Heteropolyphosphatea, 84, 85, 91. 
Hetcropolysilioates, 82, 88, 89, 165, 202. 
Hetcrox-Jolytantalates, 7, 186, .189, 200,202. 
Hcterox)oly tungstates, 82, 85, 86, 88, 89, 91. 
Hctcropolyvanadates, 7, 31, 81, 91, 98. 
Hetcropoly vanado-arsenates, 82, 85, 86, 91. 
Hctcropolyvanado - a7*senoplrosphatcs, 82, 
87. 

Hexammines of vanadates, 64. 
Hexammino-vanadium nitmte, 43, 103. 
tribromide, 47. 

— — trichloride, 8, 42. 

Hexaniobates, 158. 

Hcxatantalates, 199. 

Hexavanadates, 76-79. 

Hexavanadic acifl, 63, 79, 89. 
Hvdroxvlaminc comjiounds of niobic aeid, 

164. 

vanadic acid, 75. 

“ Flyponiobic fluoride,” 123 ; sec also 
Niobium oxytrifluoride. 

Ffy])oniobic sul].)hatc, 169. 

“ Hyponiobium chloride,” 151; see also 
Niobium oxytrichloride. 
Hypovanadate.s, see Vanadites. 
Hypovanadic bromide, sec Vanadium 
tetrabromidc. 

— chloride, sec Vanadium tetraefldoride. 

— fluoride, sec Vanadium tetrafluoridc. 

— hydroxide, 31. 

— oxide, sec Vanaclinra tetroxidc. 
Hypovanadous ammonium sulphate, 8, 95. 

— chloride, see Vanadium dichloride. 


Hypovanadous fluoride, see Vanadium di 
fluoride. 

— hydroxide, 40. 

— oxide, sec Vanadium dioxide. 

— potassium sulphate, 95. 

— .rubidium sulphate;, 95. 

— salts, 8, 30, 33, 49. 

Ilmen [TEs, 9-. 

Ilmcnium,” 123. 

Ilmcnorutilc, 120. 

Indium metavanadate, 72. 

Intermediate oxides, 52. 
lodo vanadates, 66. 

Iron nio bates, 160. 

, Native, 117-121. 

-niobium allojvs, 140. 

— tantalates, 200. 

— — ■, Native, 117-121. 

tantalum alloys, 130, 183. 

— vanadates, 71, 73. 

— vanadium alloys, 13, 29, 43, 46, 

, Analysis of, 15, 16, 109. 

, ■Manufacture of, 14. 

Isotope of vanadium, 25. 

Lanthanum niobate, 164. 

, Native, J20, 121. 

— vanadate, 77. 

Load chlorovanadatc, 45, 66. 

, Native, see Vanadinito. 

copper vanadate. Native, 11. 

— dithiopyrovanadato, 102. 

— metavanadate, 73. 

, Basic, 70, 73, 114, 115. 

— orlliovanadate, 0-1. 

— pervanadate, 92. 

— polyv'anadatc, 77. 

— jiyrovanadate, 68. 

— vanadates, 64, 68, 70, 71, 73, 77, 114 

1L5. 

— vanadite, 51. 

— -vanadium alloys, 17. 

zinc vanadate. Native, 1 1. 

Jdthium metavanadate, 62, 73. 

, Basic, 70. 

— niobate, 160. 

— orlliovanadate, 64. 

— pm-vanadatc, 92. 

— poUvaaiadate, 62, 77. 

— py CO vanadate, 60. 

— tantalate, 200. 

— tantalum fiuoi'idia 190. 

— vanadates, 62, 61, 09, 70, 7.3, 77. 

Luieo vanado-phos])hates, 81. 

Magnesulm liexavanadatc, 4 6, 78. 

— mctavanadatc, 7.3. 

— mobates, 160. 

— polyvanadates, 77. 

— tantalates, 201. 

— -tantalum alloys, 184. 

— vanadous clilo/'ide, 42. 

— vanadyl sulphate, 100. 
iVlagnetites, 9. 

Mandelints reagent, 28, ILL 
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Manganese metaniobate, 1 60. 

— - m eta vanadate, 73. 

— niobale, 161. 

— - — , Xatjvc, 117-131. 

— niobium fluoride, 145. 

— poly vanadates, 78. 

— pyfov'anadate, 60, 11.7. 

vanadium alloys, 28. 

Mercurous metavanadate, 73. 

— niobale, Kil. 

— tantalato, 201. 

— vanadate, 54, 115. 

Mercury niobium fluoride, 145. 

— vanadates, 54, 71, 73, 115. 

Metaniobates, 6, L5S. 

Me t a per V an ad at cs , 92. 

Mctatantalatcs, 6, 199. 

Metavanadates, 6, 53, 56, 62, 67, 70. 

— Basic, 70. 

Mctavanadic acid, 61. 

, Addition compounds with ammonia. 

75. 

, Addition compounds with hydro- 

xylamine, 75. 

Mcthylaminc vanadate, 75. 

Mikrolite, 200. 

Mimetesite, 6, 24, 66. 

Mixed metal, 16, 134. 

Molybdcnurn-i.antalum alloys, 1S4. 

vanadium alloys, 28. 

Molybdo-vanad;rtes, S3, 87. 

vanadoarse.nates, 83. 86. 

— 'Vanado])ho,spha.tes, S2-84. 

— “Vana.dosilicat('s, 88. 
Monol)romoe]florotantalum rmid, 193. 
.Mottramilc, 9, 11. 

.Vni’TrNiiwr,” 123. 

Xi(4<el iTK'iavanadaU', 14. 

— ni()bat(^, 161. 

niobium-tantalum alloys, 1-10, 184. 

-- • (luorid(‘, 145. 

— orthovainadate, 64. 

— poly vaiuidatcs, 78. 

- -tantalum alloys, 1 84. 

vanadium alloys, 29. 

stiu'ls, 2(). 

va,na,(h)us tluoibh', .37. 

— vanadyl lluoi’ide, 38. 

Xiobates, 4, (5, 14 1, 158, 159. 

— , Xat ive, 120. 

■ , 1 led net ion of, 5, 130. 

“ Xiobic acid, ’ 156 158, 16,7. 

— aidiydri(l(‘. sc(‘ Xiobiiim pcntoxidin 
Xiobites, Xative, 117-119, 122, 124, 160, 

161, 200. 

Xhobiiim, Activatisl, 138. 

— alloys, 140. 

— , At.omic weight of, .138. 

— , Cluunieal properties tif, 137. 

— , Colloidal, 135. 

— , Density' of, 135. 

— , Del. (union of, 131. 

, Diy rcuK'tions, 133. 

— - — , Wei i'ca(-t ions, 132. 

— , Electrical resistance of, 135. 
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Xiobium, Electromotive behaviour of, 138. 
— , Estimation of, 129. 

— , Colurunetnc, 1.31. 

— - — ■ — , Gravimetric, 130. 

, Volumetric, 130. 

— , Extraction of, from ores, 124. 

— , Hardness of, 1,35. 

— , History of, 122. 

— , Melting-point of, 135. 

— , Gccurrenec of, 8, 117-121. 

— , Optical properties of, 135. 

— ores, Analysis of, 118, 119, 121. 

— , Eassive, 138. 

— , Pliysieal properties of, 4, 135. 

— , Preparation of, 134. 

— , Separation of, from tantalum, 123, 124, 
128. 

— , , — tin, etc., 124. 

— , , — titanium, 124, 120. 

— , , — zirconium, 126. 

— , Spcciflc heat of, 135. 

— , Vmlency of, .3-8, 141. 

Xiobium alum, S, 142, 169. 

. “ Xiobium blue,’’ 142. 

I Xiobium bromides, 152. 

I — bromocliloride, 149. 

— carbide, 154, 170. 

— chlorides, 149. 

— compounds. General discussion, 3-S, 

141, 143, 158, 159. 

, Electroelieraical behaviour of, 141, 

149, 109. 

, Bcntavalent,, Pediiclion of, 5, J30- 

1.32, 1.34, J.3.7, 141, 142, 1-14, J49, 

151, 153, 1.74, 150. 

— cyanides, 170. 

— ‘‘ dicbloride," 149. 

— dioxide, 7, 15.3, 1.74. 

— disulpliide, 169. 

— fcrrocyanides, 170. 

— fluorkies, 143. 

, Double, 144, 145. 

— fluorpcroxy - compounds, see Berox\"- 

iliiorides. 

— halides, 4, 14.3. 

— hydride, 142. 

— liydroxeaddoridig 149. 

— iodide, 153. 

— mononhridc, 169. 

— monoxide, 1.7.3. 

— nitrides, 150, 169, 170. 

— oxides, i, 14 1. 

— ^ oxybronmPe, 152. 

j — oxychlori(ie.s, 151. 

I — oxyliiiorides, 14 5, 1.7,7. 
j — oxylialides, .7, 143. 

I — oxysulpliides, J.76, 160. 
i — oxylribromido, 1.72. 

■ — — , Double salts ol, ].7,3. 
i — oxy trichloride, 12.3, 149, 151, 156. 

i , Analysis of, 139. 

! — — , Double salts of, 152, lOl. 

! — oxyirifluoride, 5, 123, 144, 145. 

I , Double salt-s of, 140, 164. 

; — — , Reduction of, 15,3. 
i — pen ta bromide, 152. 
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A'iobium pontachloridc,, 123, 149, IbO, 156. 

, Amah^sis of, 139. 

, deduction of, 142, 149. 

— peiitaflLioride, 143, loo, 

, Hcduction of, 14-1. 

— pcntoxide, 4, 123, 124, 132, 141, 146, lo4. 

— , Colloidal, loG, lo7. 

, Hydrates of, 7, lo6. 

, Preparation of, 129. 

, Reduction of, o, 130, 134, 135, 153, 

154, 150, 169. 

— peroxyAuorides, 7, 142, 168. 

— ses({uioxide, 5, 154. 

— sulphates, 142, 169. 

— .sulphides, 168. 

— tetrachloride, 149. 

— trichloride, 149. 

Hiobo-oxalates, sec Oxalo-niobatcs. 

tantalates, 165. 

OnGAXic compounds of niobium, 130, 133, 
142, 151, 152, 159, 106, 170. 

tantalum, 130, 133, 152, 191, 193, 

194, 202, 205. 

vanadium, 30, 44, 45, 51, 56, 90, 

97, 104-107, 111, 152. 
Orthoniobates, 6, 158. 

0 r 1 1 lop er vanadates , 9 3 . 

Ortliotantalates, 6, 199. 

Orthovanadates, 6, 30, 53, 56, 62, 64. 

— , Double compounds with balules, 66. 
Oxalo-molybdovcrnadates, 91 . 

niobates, 7, 142, 165. 

niobic acid, 130, 166. 

— -tantalates, 7, 202. 

— -tantalic acid, 130, 202. 

vanadates, 82, 90. 

Oxythiovanadates, 101. 

Passive niobium, 13S. 

— tantalum, 178. 

— vanadium, 23. 

Patronite, 9, 10, 13. 

I’elopium, 122. 

Pcniiobates, 166-168. 

Pcrniobic acid, 7, 142, 166, 167. 
I’eroxyorthovanadic acid, 92. 
Pertantalates, 203, 204. 

Pertantahe acid, 7, 186, 203. 
Pervauadates, 91-93. 

Idu'vanadic acid, 7, 58, 91, 92, 166. 
Pitchblende, 121. 

Platinum- tantalum alloys, 1S4. 

vanadium alloys, 28. 

Poiycrase, 120. 

Polymobates, 7, 158-164. 

Poly tantalates, 7, 199-202. 

Poly vanadates, 6, 31, 56, 62, 75-SO. 

— , Double, SO, 81. 

Potassium ammonium tantalatc, 20U. 

— • — vanadates, 81. 

— antimony fluoride, 5. 

— cadmium vanadates, SI. 


i Potassium fiuoroxyperniobatc, 168. 

— fluoroxypertantalate, 204. 
i — licxavanadate, 78, 

i — hypovanadous sulphate, 95. 

— manganese vanadates, SI. 

— metaniobate, 161. 

— mctatantalate, 201. 

— metavanadate, 74, 

— — Basic, 70. 

^ — molybdenum fluoride, 5. 

I — nickel vanadates, 81. 

; — niobates, 161, 162. 

.. — niobium fluoride. Formula of, 123. 

: — — — , Hydrolysis of, 132. 

^ Preparation of. 145, 

I , Solubility of, 128, 132. 

'■ oxyfluoride, 5, 126, 128, 132, 145, 147. 

I ^ Analysis of, 139. 

1 , Reduction of, 146, 153, 154. 

: peroxyfiuoridc, 168. 

i — orthomobate, 162. 

; — orthopervanadate, 93. 

: — orthovanadate, 65. 

: — oxalo-niobate, 165, 169. 

I tantalate, 202. 

I -vanadate, 91. 

! — perniobates, 166-168. 

I — pertantalate, 203. 
i — pervanadates, 92, 93. 

I — polyniobates, 161, 162. 

' — poly tantalate, 201. 

— poly vanadates, 63, 78. 

I — pyroniobate, 162. 

! — pyrovanadatc, 69. 

' — sodium niobate, 164. 

vanadates, SO. 

— strontium vanadates, 80. 

— tantalates, 196, 201. 

; — tantalum fluoride, 5, 123, 126, 188, 190. 

; , Analysis of, 180. 

I , Hvdrolvsis of, 131, 132, 190. 

■■ ^ Soiubibtv of, 128, 132, 190. 

: oxyfluoride, ''.130, 132, 190, 192. 

i — tm lluoridc, 5. 

; — titanium fluoride, 5. 

I — tungsten oxyliuoridc, 5. 

: — vanadates, 63, 65, 69, 70, 7-1, 78, 80, SJ. 
: — vanadic sulphate, 101. 
i — vanadicyanide, 7, 30, 105. 
i — vanadite, 51. 
i — vanadium alum, 97. 

^ — chlorides, 42. 

I fluorides, 37, 39, 40. 

; oxyfiuorides, 5, 38-40. 

; sulphates, 97, 100, lOl. 

; — vanadocyanide, 8, 105. 

; — vanadoiis chlorides, 12. 

, liuondes, 37. 

; .sulphate, 97. 

‘ thiocyanate, 7, 106. 

: — vanadyl fluorides, 38. 

' nitrite, 103. 

— — - sulphates, 100. 



Proto-actinium, 3. 

Psittacinitc, 11. 

Purpureo vanaclo-phosphates, 84. 
Pyrocliiorc, 119, 1:11, li^2, 14S, 159. 
Pyroinorplutc, (5, :24, 06. 
Pyroniobates, 0, 158. 

Pyropcniiobic acid, 168. 
Pyropervanadates, 92. 
Pyrotaiitalates, 6, 200. 
Pyrovanadates, 6, 53, 62, 67. 

Po.^noELiTE, 9, 10, 80. 

Iviiijidium tliioroxypoi-niobate, 168. 

— iluoroxyporlantalatc, 204. 

— ■ hypovanadous sulpliate, 95. 

— niobates, 162. 

• — • niobium fluoride, 145. 

oxychloride, 152. 

oxyHuoridc, 148. 

peroxy fluoride, J.68. 

— oxalo-niobate, 166. 

— pcrniobate, 168. 

— pcrtantalate, 203. 

— tan tala to, 201. 

— tantalum fluoride, P.)l. 

poroxyfiuoride, 20-j. 

— vanadium alum, 97. 

— vanadoLi.s chloride, 42. 

fluoride, 37. 

sulphate, !)7. 

Sammul'M orthova.nadati', 7S. 

— ])olxvaiuida.l(', 78. 

Samarskitn, 120, 121, 123. 

Silicachrs, Tantalum, 1 87. 

— , Vhuiadiuin, 107. 

Silieo-molybdo vanadates, 82, 88. 

— -niobatos, 165. 

tantalates, 202. 

tilaiioniobatcis, 165. 

-- -tut\L 5 .stovaua,datcrs, 82, 89. 

/ircononiobatcs, 1 ()5. 

Silie.on-tautalum alloys, 18-1-. 

vaniulium alloys, 16, 28, ‘13. 

Silver metaiuobate, 162. 
ni(‘,ta vanadate, 74. 

, Basic, 70. 

— orthovanachite, 65. 

— pervaiiadate, 92. 

— ])olyniobate, 162. 

• — pyrovanadate, 6ih 

— taiitalatx', 201 . 

-- vaaiadite, 51. 

vanadium alloys, 29. 

Sodium ammonium niobate, 16:l. 

— - fluoroxyperniohale, 168. 

— - lluor\ainadate, 66. 

— liexaniobai,e, 163. 

— liexavanadaUe, 79. 

— metanioba.te, 139, 163. 

— nudsitaritalaio, 202. 

— nietavamidaie, 25, 38, 7-1, 115. 
, liasic, 70, 

— ruobahes, 158, 162, 1(53. 

-- niobium llunihhp 145. 

oxylliiorides, 148, 164. 


Sodium niobium perox 3 ^fiuoride, 168. 

— ortho vanadate, 6, 64, 65. 

— ortho xv-monothio vanadate, 101. 

— orthox\U.rithiovanadate, lOl. 

— oxalo-niobate, 166. 

— pcntathioptn'ovanadare, 101. 

— perniobates, 168. 

— pertantalates, 203. 

— pervanadatc, 92. 

— potassiuna niobate, 104. 

vanadates, 80. 

i — pyrovanadate, 65, 68, 69. 
i — stanno -vanadates, 67. 

— tantalates, 201, 202, 

— tantalum fluorides, 188, 101. 

— vanadates, 79. 

— vanadite, 51. 

— vanadium fluoride, 37. 

ox\^lluonde, 38, 40. 

— vanadous sulphate, 97. 

thioc^ninate, 106. 

— vanadyl cyanide, 105. 

nitrite, 103. 

sulphates, 100. 

vanadate, 53, 54. 

Stanno-tantalates, 202. 

Steels, Tantalum, 183. 

— , Vanadium, 13, 25. 

Strontium bi’oniovanaflate, GO. 

— iodovanadatc, 66. 

— metavanadate, 74. 

, Basic, 70. 

— ortho vanadate, 65. 

— pcu-v'aiiadatc, 92. 

— polyvanadatcs, 79. 

Striiverite, 120. 

Sulphatochlorotantalum acid, 193. 
Sulvaintc, 11, 101. 

Taxtalates, 6, 186, 109. 

— , Native, 120. 

— , Reduction of, 5. 

Tantalic acid,” see Tantalum pentoxide. 
Tantalites, Native, 117-119, 122, 124, 160. 
172, 200. 

Tantalo-iuobatcs, 1 (55. 

silicates, 202. 

— -stannates, 202. 

titanatos, 202. 

Tantalum alloys, 183. 

— as catalyst, 183. 

— , Atomic weight of, 180. 

— , Chemical properties, of, 177, 178. 

— , Colloidal, 173. 

, .Density of, 173. 

— , Detection of, 131 . 

— ^ ^ IPi-y reactions, 133. 

— , , Wet reactions, 132. 

— , Klectrical resistance of, 174. 

— , electromotive behaviour of, 178. 

— , Estimation of, 129. 

^ Colorimetric, 131. 

— , , Gravimetric, 130. 

— , Extraction of, fmm ore.s, 124. 

— , hlardness of, 174. 

— , .Ristory of, 122. 
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Tantalum lamps, 124, 182. 

— , Melting-point of, 174. | 

— , OccinTcnce of, 8, 117. ; 

- — , Optical properties of, 175. 

— ores, Tables of, 118, 119, 121. 

— , Passive, 178. 

— , Physical properties of, 4, 173. 

— , Preparation of, 172. 

— , Separation of, from niobium, 123, 124, 
128. 

~, , — tin, etc., 124. 

— , — — , — litaniian, 124, 126. 

— , — - — , — zirconium, 12G. 

— , Speciilc beat of, 174. ! 

— steels, 130, 183. 

— , Uses of, 182. 

— , Valency of, 3-8, 186. 

Tantalum bromides, 104. 

— bromoehloride, 193. 

— bromo-iodide, 195. 

— carbide, 197, 205, 206. , 

— chlorides, 192-194. ' 

— compounds, Electrochemical behaviour I 

of, 172, 178,, 196. 

, General, 3-8, 186. 

, Pontavalont, Ibeduction of, 131, 132, 

186. 

— dibromidc, 194. 

— dichloride, 102. ' 

— dioxide, 7, 196. | 

— disulphide, 204. ; 

— fluorides, 5, 188. 

, Double, 188-101. ; 

— fluorperoxy - compounds, see Perox^- 

flnorides. 

— halides, 6, 187. 

— hydride, 187. 

— hydroxybromide, 195. 

— hydroxychloride, 193. 

— iodide, 196. 

— mononitride, 205. 

— nitrides, 197, 205. 

— oxides, 186, 196. 

— oxybromidc, 106. 

— oxychlorides, 194. 

— oxyfinorides, ISS, 101. 

— oxy halides, 187. I 

— pentabromide, ISl, 195. j 

— pentachloride, 123, l!)3, 194, 197. i 

, Analysis of, 180. i 

, Double salts of, 104. ; 

, Pvcdiiction of, 192. * ' 

— pcntalbioride, 5, ISS. ' 

Acid, 189. : 

— pentiodide, 143, 188, 196. 

— peutoxide, 123, 124, 132, 180, 186, 196, 

197. 

, Colloidal, 157, 198. 

, Hydrates of, 7, 197. 

, Preparation of, 129, ISO. | 

— , Reduction of, 5, 177, 183, 18G, 196, j 

197, 204-200. ■ i 

— pcrox 3 'fl no rides, 7, 204. I 

- — silicide, 184. | 

— snlpliates, 205. j 

'• sulphides, 204. ; 


Tantalum tetrachloride, 193. 

— tribromide, 195. 

— trichloride, 193. 

Tapiolite, 117, 200. 

TetraetliAdamine vanadate, 75. 
Thallium hexavanadate, 80. 

— metavanadate, 74. 

, Basic, 70. 

— niobium oxyfluoridc, 148. 

— ortho vanadate, 65. 

— poty vanadates, 79. 

— P 3 n-o vanadate, 69. 

— tantalum fluoride, 191. 
vanadium diox\*fluoride, 39. 

— vanadous fluoride, 37. 

sulphate, 97. 

— vanadyl fluoride, 38. 

Th io vanadates, 10 1 . 

Thorium niobate, 104. 

— pol^’vanadatc, 80. 

— p\TOvanadate, 70. 

Tin-vanadium alloys, 28. 

Titanic acid, 4. 

Titano-niobates, 165. 

— -silico-niobates, 165. 

— -tantalates, 202. 

uranotantalates, 202. 

uran^dnio bates, 165. 

Transition elements, 3. 

Tungsten- tantalum allojrs, 186. 

— vanadates, 71. 

— -vanadium steels, 26. 
Tungsto-vanadates, 82, 88. 

vanadoarsenates, 83, SO. 

van adoarsen oph osphates, 87 . 

vanadophosp h a tes , 82-85. 

vanadosilicates, 89. 

U RAXO'TAXTALATKS, 202 . 

titanotantalates, 202 . 

Craind-titanoniobates, 1 65. 

vanadates, 50, S3, 88. 

“ V'alve-actiox,” Xiobium, 137. 

— , Tantalum, 17S. 

Vanadates, 6, 31, 62, 75, 80. 

Reduction of, 5, 17, 112. 

Vanadic acid, sec Vanacljum pentoxide. 

— oxide, see Vanadium pentoxide. 

— salts, .5(5. 

— sulphates, 31, iOO, 101. 
Vanadic\mnidc, Potassium, 105. 
Vanadimte, 6, 10, 11, 24, 66. 

Vanadites, 7, 31, 51. 

Vanadium alloys 28. 

— , Atomic weight of, 24. 

— catahrsts, 13, 27, 33. 

— , Chemical properties of, 23. 

— , Density’ of, 19. 

— Detection of, 109. 

— — , Diy reactions, 111. 

— , , Wet reactions, 109. 

— , Electrical resistance of, 19. 

— , Electromotive behaviour of, 34. 

— , Estimation of, 112. 
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Vanadium, Estimation of, Colorimetric, 
114. 

, Eloctrolytic, 114. 

— , — — Electrometric, 114. 

__ — ^ Gravimetric, 114. 

— , Spectroscopic, 114. 

— , — — , Volumetric, 112. 

Extraction of, from ores, 14. 

— , Hardness of, 19. 

— , History of, 12. 

— , Melting-point of, 19. 

— , Occurrence of, 8, 9. 

— , Optical properties of, 19. 

— ores, Table of, 10, 11. 

— , Passive, 23. 

— , Pliysicai properties of, 4, 18. 

— , Physiological action of, 22. 

— , Preparation of, Kh 
— , Separation of, from other metals, 110, 
llo. 

— , Specific heat of, 19. 

— steels, 1 3, 25. 

— , Uses of, 25. 

— , Valency of, 4-8, 30, 112. 

Vanadium acctoselenate.s, 107. 

— alums, 7, 30, 9(3, 97. 

— borate, 108. 

— boride, 107. 

— borotungstatc, 108. 

— bromides, 40. 

— bronze, 61. 

— camphorates, 107. 

— carbides, 16, 18, 23, 28, 43, 47, 104, 105. 

— carbonates, 5, 105. 

— chlorides, 40-44. 

— chromates, 102. 

— (linnamates, 107. 

— compounds, General, 3-8, 30-33, 02. 
, Electrochemical behaviour of, 17, 18, 

34, -49, 54, 58, 114. 

, Table of, 33. 

— evanides, 7, 105. 

— (Uchloride, 17, 23, 40. 

, Heat of formation of, -10. 

— difluoride, 37. 

— dinitride, 103. 

— dioxide, 0, 30, 49, 5(3. 

— dioxyfluoi’ide, 39. 

, Double salts of, 39. 

— (lisilicide, 107. 

— fcrrf)cyanides, 106. 

— iluorides, 37, 38. 

, Double, 37, 39, 40. 

— lluosilicatc', 107. 

— halides, 4, 36. 

— hydride, 23, 25. 

— iodates, 90. 

— iodide, 48. 

— - inononitride, 103. 

— nionosul])hide, 93. 

— monoxide, 30. 

— nitrates, 5, 103. 

• — ■ nitrides, 23, 43, 47, 50, 102, 103. 

— nitrites, 103. 

— oxides, 30, 48. 

, Heats of formation of, 32. 


Vanadium ox 3 'bromides, 47, 48. 

— oxychlorides, 44. 

— oxy dichloride, 46. 

— oxyfluorides, 31, 38, 39. 

— oxyhalides, 36. 

— oxyiodides, 48. 

— oxyinonobromide, 47, 48. 

— oxymonochlonde, 7, 44, 45, 49. 

— oxy sulphides, 95. 

— oxjdribromide, 48. 

— oxytrichloride, IS, 24, 25, 31, 38, 41, 44, 

45, 49, 50, 54, 57. 

, Double salts of, 45. 

' , Heat of formation of, 46. 

— oxylrifiuoride, 5, 38. 

, Double salts of, 5, 38. 

— pcntafliioride, 38. 

— pentasulphide, 94. 

— pentoxidc, 4, 31, 44, .54. 

, Colloidal, 58, 71. 

, Heat of formation of, 31. 

— • — , Hydrates of, 61, 63. 

, Preparation of, 14, 23. 

, Reduction of, 5, 16-18, 23, 24, 28, 

38, 39, 43, 47, 49, 50, 56, 57, 95, 
104, 112. 

— pcroxj'fluoi'ides, 7. 93. 

— selcriatcs, 102. 

— selcnidcs, 102. 

— .sesquioxide, see Vanadium trioxidc. 

— sesqiiisulphide, see Vanadium tri- 

sulphide. 

— silicates, 27, 82, 88, 89, 107. 

— silieides, 107. 

— subnitride, 103. 

— suboxide, 48. 

— subsilicidc, 107. 

— sulphates, 95-101. 

— sulphides, 93, 94. 

— tetrabromide, 47. 

— tetrachloride, 17, 18, 31, 38, 41, 43, 44. 
, Heat of formation of, 46. 

— teti-afluoridc, 17, 31, 38. 

— tetroxidc, 7, 23, 30, 49, 50, 56, 57, 107. 
, Hcait of formation of, 32. 

— tribromide, 46. 

— f r-icbloride, 30. 37, 41, 43-45. 

, Double salts of, 42. 

i , Heat of formation of, 46. 

■ — - triJluoride, 18, 37. 

, , Double salts of, 37. 

! — tri -iodide, 48. 

— trioxide, 7, 30, 41, 44, 49, 56, 57. 

! , Heat of formation of, 31. 

, Hoduction of, 17, 18. 

I — trisulphidc, 94. 

' — uranate, 50, 83, 88. 

' Vanado-arsenates, 82, 85. 

— -arsenopliosphatcs, 82. 

eyanido, Potassium, 105. 

iodates, 90. 

molybdates, S3, 87. 

. j)eriodatcs, 90. 

: phosphates, 81, 84, 85. 

i phosphoarsenates, 82. 

selenites, 67, 83, 89. 
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Vanado-sclenous acid, 83. 

silicates, 82. 

— 'Stannates, 67, 9] . 

— 'tellurates, 90. 

— 'tellurites, 67, 80. 

— 'tungstates, 82, 88. 

— - -tungstomolybdoarsenoj)liospliates, 87. 

— 'Vanadates, 53. 

Vanadous acetate, 106. 

— acetyl acetonate, 106. 

— benzoyl acetonate, 106. 

— bromide, 46. 

— carbamides, 106. 

— chloride, see Vanadium trichloride. 

— fluoride, see Vanadium trilluoride. 

— hydroxide, 8, 37, 42, 47. 

— iodide, 48. 

— oxalates, 107. 

— oxide, see Vanadium trioxidc. 

— pyrophosphate, 104. 

— sulphate, 7, 95, 96. 

, Acid, 95, 96. 

— thiocyanates, 106. 

— vanado-arsenates, 91. 

molybdates, 91. 

-phosphates, 91. 

tungstates, 91. 

Vanadyl acetate, 106. 

— acetonates, 106. 

— arsenates, 104. 

— borate, 108. 

“ Vanadyl chloride,” see Vanadium oxy- 
trichloride. 

Vanadyl citrates, 107. 

— cyanide, 105. 

— dibromide, 38, 47. 

— dichloride, 31, 44, 50. 

, Double salts of, 44. 

— difluoride, 37, 38. 

, Double salts of, 38. 

— dithionate, 101. 

“ Vanadyl fluoride,” see Vanadium oxy- 
trifluoride. 

Vanadjd fluosilicato, 107. 

— hypophosphite, 104. 

— malonates, 107. 


Vanadyl nitrate, 103. 

— nitrites, 103. 

— oxalates, 107. 

— phosphates, 104. 

— radical, 7, 12, 32, 35, 49. 

■ — salicylates, 107. 

— salts. General, 7, 31, 51. 

— selenates, 102. 

— selenite, 102. 

— succinates, 107. 

I — sulphate, 27, 31, 50, 58, 98, 99. 

, Acid, 99. 

, Double salts of, 99. 

— sulphites, 98. 

, Double salts of, 98. 

— vanadates, 52. 

Volborthite, 11. 

AVohlerite, 120. 

V'tterbium polyvanadates, SO. 
Yttrium metaniobate, 120, 164. 

— metatantalatc, 120. 

— niobates, 164. 

ATtro-ilnienite, 123. 

Yttrotantalitc, 120-122, 164. 

Zixe metaniobate, 164. 

— metavanadate, 75. 

— niobates, 164. 

— niobium fluoride, 145. 

oxyfluoridc, 5, 148. 

— poly vanadate, 71, SO. 

— pyro vanadate, 70. 

— tantalum fluoride, 191. 

— titanium fluoride, 5. 

— vanadium dioxyfluoride, 39. 
i' — vanadous fluoride, 37. 

' — vanadyl fluoride, 38. 

Zirconic acid, 4. 

Zirconium chlorortho vanadates, 6 

— niobatc, 164. 

tantalum alloys, 185. 

-nioliium alloys, 140. 

; Zircono-siliconiobates, 165. 
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